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A B S T R A C T
Thermodynamic assessment of the Ti-Al-V system has been carried out using the 
Thermo-Calc? The database resulting from the present work gives calculated phase 
equilibria which are in good agreement with experimentally determined phase 
diagrams. The P-B2 ordering process has been modelled as a second order 
transformation and an ordering model for the ternary B2 phase was proposed, which 
makes the Gibbs energy of the B2 phase converge to that of the disordered (3 phase 
at the p-B2 ordering temperature. The calculation of phase diagrams and (3-B2 
ordering temperatures can thus be made from the same thermodynamic database. 
The predicted B2/(3 boundary for Al-V rich alloys is in good agreement with 
experiments, while there is a discrepancy between the predicted and the 
experimentally determined p/B2 boundaries for Ti-V rich alloys, probably due to the 
use of composition-independent W^2Vv/^ ratios in the present B2 model. It has been 
predicted that a2+Y cannot be in equilibrium with disordered p.
Phase equilibria in arc-melted ingots of Ti-Al-V alloys have been studied using TEM, 
SEM and EDX analysis. Thermodynamic modelling has also proved to be a powerful 
approach to predict the as-solidified microstructures of these alloy ingots, even 
though they did not solidify under equilibrium conditions.
Experiments have been performed to study metastable phase transformations in melt 
spun Ti-Al-V alloy ribbons. The results show that both thermodynamics and kinetics 
play an important role for phase selection in the alloy ribbons. Transient nucleation 
effects appear to be dominant in <50pm thick alloy ribbons. Large cooling rates 
tend to: (a) favour the primary phase selection in the order of: y > c > p, (b) suppress 
solid state transformations, (c) lower the effective p-B2 ordering temperature, (d) 
to suppress completely the a-a2 ordering process, and (e) lead to massive 
transformations such as a-ym and a-»a2.
An ordered to phase has been observed in the metastable B2 phase in Ti-Al-V alloys. 
Diffuse co formation has been observed for the first time in the disordered 
metastable P phase in V-50A1 and V~50Al+(<30at%Ti) alloys. It has been shown that 
the (o stability is related to both the unit cell volume (Vp) and the number of free 
electrons (e) per atom of the metastable P/B2 phase. Small values of (e/Vp) lead to 
the formation of an o) phase closer to the 3-D crystalline o) structure.
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C H A P T E R  1
I N T R O D U C T I O N
The stimulus for the development of titanium alloys came initially from the 
aerospace industries when there was a critical need for new materials with higher 
strength to weight ratios at elevated temperatures. The high melting point of 
titanium (1943K) was taken as a strong indication that the alloys would show good 
creep strengths over a wide temperature range. Although subsequent investigations 
revealed that this temperature range was much lower than expected, titanium alloys 
now occupy a critical position in the materials inventory of the aerospace industries. 
More recently the importance of these alloys as corrosion resistant materials has 
broadened their applications in other fields such as chemical industry, thermal and 
nuclear power plants and biomedical engineering[Pol89].
Titanium alloys are generally classified as a, a+P and P alloys. The crystallographic 
structures of the a and P phases of Ti (a:hcp and p:bcc) have an effect on their 
mechanical properties, a + p alloys based on the Ti-Al-V ternary system have been 
extensively employed, most notably the long established a+p alloy Ti-6Al-4V(wt%). 
The maximum service temperature of this alloy is =673 K and it has excellent 
corrosion resistance. Recent alloy development has led to new alloys based on the 
Ti-Al-V system including the near p alloy Ti-10V-2Fe-3Al(wt%) and a p alloy Ti-15V- 
3Cr-3Al-3Sn(wt%). These alloys also have a potential for aerospace applications 
[Hal83]. The former alloy can be isothermally forged and has good strength and 
toughness. Therefore, it is attractive for aircraft forging[Ros78]. The latter alloy has 
shown a good potential for producing thin gauge products, air frame structures and 
also has good formability[Ros83]. The near a alloy Ti-5.8Al-4Sn-3.5Zr-0.7Nb-0.5Mo- 
0.35Si-0.06C(wt%) has good creep resistance up to a temperature of =873 K. This 
temperature is the maximum temperature at which commercial titanium alloys can 
be used while maintaining their properties.
1
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On the other hand titanium aluminides TigAKc^) and TiAl(y), which are ordered 
intermetallics, have a potential to operate at temperatures approaching those of 
nickel base superalloys and they also have a lower density than such superalloys. 
Their large composition ranges have also been considered to be advantageous to alloy 
processing. Therefore titanium aluminides have been the focus of research for the 
last twenty years due to their attractive properties such as low density, high 
modulus, good oxidation and creep resistance [Lip85]. T13AI alloys have shown useful 
properties up to 973 K and TiAl base alloys have the capability to operate at 
temperatures up to 1143K. The major road block in the development of titanium 
aluminides as a structural material is their poor low temperature ductility and 
toughness.
Alloying additions have proved to be one potential method to increase the low 
temperature ductility of these aluminides through modification of crystallography, 
refinement of microstructure and addition of other phases or a combination of these 
factors. The additions of |3-stabilising elements such as Nb, V, Cr, Mo and Mn have 
proved useful in improving their low temperature ductility[Yam92].
Since V is lighter than Nb, it has attracted considerable research interest in recent 
years [Hal91, Nob94]. The only disadvantage of V additions is an adverse effect on 
the oxidation resistance of y(TiAl)[Str91]. However, it may be possible to overcome 
this disadvantage by multi-alloying with other elements. Therefore, it is vital to 
know the nature of the phase equilibria between titanium, aluminium and vanadium 
over a wide composition range covering both current and future alloys.
Recently, considerable efforts have been contributed by a number of researchers to 
establish experimental isothermal sections of the ternary Ti-Al-V from 873K to 
1473K using modern techniques such as transmission electron microscopy (TEM), 
scanning electron microscopy (SEM) and energy dispersive X-ray (EDX) analysis in 
TEM or by electron probe micro-area analysis (EPMA) [Has86, Mea88, Ahm92,94, 
Par91j. However, there have only been very limited efforts towards establishing 
phase equilibria at high temperatures, especially concerning phase equilibria with the 
liquid phase. The only reported work on the liquidus surface projection was carried
2
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out by Paruchuri and Massalski[Par91]. There was an apparent disagreement between 
[Par91] and the accepted binary Al-V diagram [BiP86] concerning high temperature 
phase equilibria near the Al-V edge.
Due to the differences in investigation techniques, heat treatments and impurity 
levels in the alloys investigated, there are stil disagreements even in recently 
reported isothermal sections[Has86, Mea88, Ahm92,94, Par91]. The available phase 
equilibrium information of the Ti-Al-V system is now scattered in various references 
with many disputes over critical transformation features of the system[Tsu69, 
Kor68, Has86, Mea88, Ahm92,94, Par91]. It is therefore necessary to carry out 
critical thermodynamic assessment of these experimentally determined phase 
diagrams together with measured thermodynamic parameters and hence establish a 
consistent thermodynamic database. Such a database can not only be used to predict 
equilibrium phase transformations, but also be used to predict metastable 
transformations for Ti-Al-V alloys. Since V is an important p-isomorphous element 
like Nb, Mo ,Cr, etc, the thermodynamic principles derived from such an assessment 
can also be extended to systems containing these elements.
Although the addition of V to Ti-Al system does not introduce new ternary 
intermetallic phases into the alloys, a stable high temperature p-B2 ordering has 
been reported in some Ti-Al-V alloys[Nak92, Ahm94], Many workers have reported 
that additions of the P-stabilising elements Nb[Ben89,91,Ham72,Cha91,Das93j, 
Mo[Dja92,Nak92,Das93], Ta[Das93], Fe[Ink93], and V[Ahm94,Nak92] to Ti-Al alloys 
encourage the p-B2 ordering. However, much less information is available 
concerning the P~»B2 ordering and subsequent p/B2 decomposition in alloys with p- 
stabilising elements other than Nb,
There is also experimental evidence of the presence of an o> phase in the ordered p 
phase (B2 structure)[Ahm94, Ben91,92, Cha91, Nak92, Nak93, Das93]. A disordered 
to phase was reported to form either during cooling or during annealing in Ti-V alloys 
[Hic68, Sik82], Extensive investigation for o> formation in the Ti-V system[Hic68, 
Van71] and Ti-V-Al alloys near the Ti-V edge[WiI71] showed that both V and Al lower 
the p/o) transus. Williams et al showed that disordered (o phase cannot form in the
3
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disordered (3 phase of Ti-20wt%V alloys containing more than 10wt%Al [Wil71]. 
However, to phase has been observed in B2 of some Ti-Al-V alloys containing large 
amountsof Al[Nak92, Ahm94]. Therefore, it is necessary to understand the nature of 
a) transformation due to its important influence on alloy properties as well as on 
phase stability theories.
Since Duwez reported the effect of melt quenching on the phase transformation 
features of alloys in 1960[Duw60], rapid solidification processing(RS) has been proved 
an effective way in microstructure modification and phase selection. The RS 
contribution to improved properties generally lies in fine as-solidified 
microstructure, enhanced solid solubility, control in phase transformation sequences 
and the formation of metastable phases. Combining RS and subsequent thermal 
processing has been proved an effective way in enhancing alloying effects and hence 
improving mechanical properties. Considerable work has been contributed to the 
investigation of RS effects on phase transformation, microstructural modification 
and mechanical properties of Ti alloys, as well as to the development of various RS 
techniques suitable for Ti alloy processing[see Bha92 for a review]. Kim reviewed 
the microstructure-properties relationship for TiAl base alloys, showing that fine 
duplex a2+y lamellar structures with a specific volume fraction of a2 are 
advantageous to ductility[Kim91, Kim94]. It has been reported that RS could retain 
some disordered (3 phase to room temperature in Ti3Al(a2)-Nb alloys when Nb 
concentration was over 5at%, and the room temperature ductility of alloys with a 
(3+B2+a2 structure was significantly higher than alloys with only a2 phase[Bha92], 
The current understanding of the effects of V on metastable phase transformations 
and structural modifications in Ti-Al-V alloys is, however, very limited.
The present study was carried out with the following objectives in view:
i) to investigate morphological, microstructural and crystallographic features of as- 
solidified Ti-Al-V alloy samples made by conventional ingot metallurgy and RS, as 
well as heat treated samples, due to their importance in providing evidence on phase 
transformation processes;
4
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i) to understand the thermodynamic and kinetic principles governing stable and 
metastable phase transformations in the Ti-Al-V system; and
ii) to predict stable/metastable phase transformations in the Ti-Al-V system, which 
will assist further alloy development and microstructural design.
This thesis contains three major parts. The first part (Chapter 2) deals with relevant 
literature on general aspects of phase stabilities in Ti-based alloys, the effects of 
alloying additions on microstructures and properties of titanium aluminides, and 
principles of rapid solidification on microstructural development and phase selection. 
The second part (Chapter 3) deals with the thermodynamic modelling of the Ti-Al-V 
system of this work. A review of thermodynamic models and reviews of 
experimentally determined phase diagrams will also be given in this part for the 
convenience of reference. A new formalism of a thermodynamic model for P-B2 
ordering will be presented. The third part {Chapters 4, 5 and 6) is on the 
stable/metastable phase equilibria observed in ingots and melt spun ribbons of 
various Ti-Al-V alloys studied in this work. Comparison of observed solidification 
microstructures and thermodynamic predictions will be made. Effects of kinetic 
factors on metastable phase transformations will also be presented.
Since both weight percentage and atomic percentage can be used, alloy compositions 
given in this thesis will be atomic percentage unless defined otherwise.
5
C H A P T E R  2
L I T E R A T U R E  R E V I E W
2.1 INTRODUCTION
Since the principal interest of the present study is on microstructures and the stable 
and metastable phase transformations in the Ti-Al-V system, Ti phase stability will 
be briefly reviewed. Due to the current interest in Ti3Al and TiAl base alloys, a 
space of this review will be given to these intermetallics concerning their 
microstructures and properties which can be controlled via alloying and processing. 
The literature survey will then cover the thermodynamic principles in the assessment 
of phase equilibria. A review of various thermodynamic models, experimental phase 
diagrams and thermodynamic data available for each alloy system will be given in 
Chapter 3 for the presentational convenience. Finally, a brief review will be given 
of the effects of rapid solidification on microstructures and phase transformations.
2.2 TITANIUM PHASE STABILITY
Titanium is a group IVa transition metal with an incomplete d-shell which enables 
it to form solid solutions with most substitutional elements having a size factor 
within ±20%. At 1155K, titanium undergoes an allotropic transformation from a low 
temperature, hexagonal closed packed structure a phase (a=0.2951 lnm, c=0.46843nm 
at 298K) to a body centred cubic p phase (a=0.3307 nm at 1173 K) that remains 
stable up to the melting point (1943K[Oka93]). This transformation offers the 
prospect of having alloys with a, p, or mixed a + P microstructures and the possibility 
of using heat treatment to extend further the range of phases that may be formed. 
Different alloying elements tend to stabilise either a or p phase. This behaviour, in 
turn, is related to the number of bonding electrons. Transition elements with
6
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electron to atom ratio (e/a) < 4 and most non-transition elements tend to stabilize 
the a phase. These elements are Al, O, N, C and Ga. Transition metals (TM) such as 
V, Nb, Mo and Ta with e/a > 4 stabilise the p phase and are, therefore, called (3 
isomorphous elements whereas other transition metals such as W, Cr, Mn, Fe, Co, 
Ni, Cu with e/a > 4 favour a P-eutectoid reaction. Due to the additions of different 
types of p-stabilising elements (pE), the Ti-PE phase diagram can be classified into 
two types, p-isomorphous and p-eutectoid phase diagrams, as shown in Figure 2.2.1. 
The effect of p-stabilizing elements can be expressed in molybdenum equivalent 
as[Pol89]:
Moeq = wt%Mo + 0.5(wt%Nb+wt%W) + 0.75(wt%V) + 0.2(wt%Ta).
Figure 2.2.1 Schematic drawings of two types of P-stabilized alloy systems. (A) p- 
isomorphous; (B) p-eutectoid.
Non transition elements like H and Si also favour the p-eutectoid transformation. 
The elements like Zr and Hf with e/a=4 are considered as neutral elements [C0I88,
A A  A
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Pol89]. This effect of alloying additions on the phase stability of titanium has been 
reviewed in detail by Collings [C0I88] who also covered the commercial a, a+p and 
p titanium alloys, their designations, compositions and mechanical properties. Since 
Al is the most important a-stabilizing elements, the effect of a-stabilizing element 
has been expressed empirically in aluminium equivalent by summing the weight 
percentage as follows[Ros70,Pol89]:
Al = wt%Al + (wt%Zr)/6 + (wt%Sn)/3 + 10(wt%O + wt%C + 2wt% N).CLl
Molchonova [Mol65] has determined that concentration of transition elements with 
a Mo-equivalent of 11.25 is required to retain the p phase at room temperature and 
15 wt% is therefore the critical concentration for V. The development of al widely 
used commercial Ti alloys has been based on the manipulation of the relative 
amounts of both a-stabilizing and p-stabilizing elements together with various alloy 
processing parameters to control the p phase decomposition processes, 
transformation products and hence alloy mechanical properties.
As shown in Figure 2.2.1, the high temperature p phase will decompose to a lower 
temperature a phase under equilibrium condition. Quenching the Ti rich alloy from 
the p phase region will lead to the well documented p-amar martensitic 
transformation. Two types of martensitic a structures have been reported, the 
hexagonal a' and the orthorhombic aM martensites[Wil85, Fro85]. When the alloy 
contains more than a critical amount of p-stabilizing elements, a displacive 
athermal co phase transformation will occur instead of the martensitic 
transformation. When a further amount of p-stabilizing elements is introduced, 
quenching results in the retained p exhibiting diffuse co scattering in diffraction and 
isothermal crystalline co phase can form during subsequent annealing at low 
temperatures which are generally below 673K [Wil85, Sik82, Hic69, Sin94].
2.3 OMEGA PHASE IN MATERIALS
The co phase was first encountered by Frost et al [Fro54] in some aged P Ti alloys
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which were unexpectedly brittle. Since then, this phase has been found in numerous 
alloys of group IV transition elements, Ti, Zr and Hf with other d(-electron)-rich 
transition elements, and has received extensive experimental as well as theoretical 
attention of physicists, material scientists and engineers. This is because of the 
complex morphologies of the o> phase; its effects on physical properties such as 
ductility and superconductivity, etc.; the interesting kinetics of its formation; the 
nature of its diffuse X-ray and neutron scattering; and the mechanism of its 
formation from the parent (3 phase. The work done on o formation during the sixties 
has been extensively reviewed by Hickman[Hic69] and Sass[Sas72]. The recent 
advancement concerning research on this phase has been reviewed by Sikka et al who 
also reviewed the work using a pressure variable[Sik82]. Since the present work is 
focused on phase transformations and microstructures under atmospheric pressure, 
the following brief outline on <*> phase formation will be biased towards these 
aspects.
2.3.1 Occurrence of to phases
It is now clear from numerous investigations that the o-phase occurs in al Ti and 
Zr alloys containing (3-stabilizing elements at the right of Ti in the periodic table, 
in which the high temperature bcc phase can be retained in metastable state at low 
temperature by rapid cooling[Hic69, Sik82]. There have been rather limited studies 
of io transformation in Hf alloys probably due to high quenching temperatures 
involved[Sik82j. Various to forming systems are listed in Table 2.3.1 [Hic69, Sik82].
Since al three group IV elements, Ti, Zr and Hf exhibit the same allotropic 
transformations with temperature, phase diagrams of al the group IV element base 
alloys with (3-stabilizing elements can be classified into two categories shown in 
Figure 2.2.1 for Ti alloys. As reviewed by Hickman and Sikka et al, w phase 
formation has been observed to occur in these alloy systems under three conditions 
[Hic69,Sik82]:
:'i) Over a limited range of alloy contents close to the lower limit for retention of 
the p phase, o precipitation occurs in most systems during quenching (athermal o>).
9
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Table 2.3.1 Various known co forming systems[Sik82, Hic69]
Alloy Composition at%
[Hic68] [Van68]
Ti-V 13.8+0.3 12-15 at 400°C
Ti-Cr 6.5±0.2 8-9 at 400°C
Ti-Mn 5.1±0.2 ~5 at 400°C
Ti-Fe 4.3±0.2 =4 at 400°C
Ti-Nb 9±2 —
Ti-Mo 4.3±0.4 —
Zr-Nb — 10-11 at 400°C
Zr-Mo — 2-3 at 400°C 
1-3 at 550°C
Hf-Fe ~ ~
Cu-Zn ~ —
Ni-Al ~ _
Zr2Al (B82) — —
Co-Ga — —
Cu-Sn __ —
Ag-Mg — —
Ti2HfO — —
Ti2ZrO — —
Cu2+xAl1_xMn(x=0.6, 0.7, 0.8) — —
Ti-10V-2Fe-3Al — —
Ti3Al/TiAl-X (X=Nb, Mo, Fe, V) — —
i) At higher alloy contents, the co phase forms during aging in the temperature range 
373 to 773K. Continuation of aging after co formation finally causes formation of
10
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the hexagonal a phase.
ii) Deformation at room temperatures has been shown to produce co under certain 
circumstances.
In addition to its formation in (3-stabilized alloys, co has been observed in pure group 
IV elements under the influence of very high pressures(50 to 80 kbars)[Hic69,Sik82]. 
Some group IV base co forming alloys have also been studied under pressures. 
Generally speaking, pressure aids the formation of the co phase and extends, in 
comparison with thermal treatment, the range of co forming compositions[Sik82],
Figure 2.3.1 Schematic phase diagram indicating the composition ranges for 
martensitic transformation, and athermal/isothermal co formations.
11
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Many workers have noticed that co precipitation during aging is accompanied by a 
shift of the lattice parameters of the (3 phase matrix, indicating an enrichment of 
the (3 phase in alloying elements. The compositions of isothermal co in some Ti alloys 
were determined by Hickman[Hic68] and Vanderpuri and Miodownik[Van68]. 
Vanderpuri and Miodownik also determined the co compositions in some Zr alloys. 
These co compositions are at the lower end of the range of alloy contents for which 
the co phase is formed on quenching[Hic69]. A schematic metastable phase diagram 
is shown in Figure 2.3.1, indicating the relative positions of martensite, athermal co, 
and isothermal co[Hic69]. The diagram shows that the martensitic temperature, Msa, 
plunges more steeply with increasing amount of p-stabilizing element than the 
diffusionless transus of the co phase, T q°\  When T q^  is higher than Msa, displacive 
athermal co will form instead of martensitic transformation. Further addition of p- 
stabiiizing elements will allow complete retention of metastable p in which, by aging 
at lower temperatures, the isothermal co phase can form.
Omega type phases have also been found in systems other than the group IV base 
systems which have been reviewed by Sikka et al recently[Sik82], Prasetyo et al 
found an co-type phase in B2-brass (Cu-Zn with Zn concentration varying from 40.9 
to 46.8at%) when annealed at 1073K for 24 hrs and subsequently quenched[Pra76]. 
The structure was thought to be a superlattice of co observed in Ti and Zr base 
alloys. An ordered co phase Zr2Al of B82 structure was observed by Banerjee in Zr- 
Al[Sik82,Ban82], Muto et al observed an ordered co phase Ni2Al of P3ml space group 
in Ni^5Al35[Mut9 3]. Other ordered co type structures have been observed in the B2 
phase of Ti-Al-X alloys (X=Mo[Dja92], Nb[Cha91, Ben89,91]). Comparing the 
diffraction patterns of the ordered co in Ni^ A^  [Mut93] and that found by 
Benderski et ai[Ben92] in Ti-Al-Nb shows that the observed co phase in both systems 
has the same trigonal structure. Omega phase has also been found in Co-Ga by 
Kirchgraber and Gerold[Kir78], in Ag-Mg by Mukherjee et al[Muk76], and in U-Zr by 
Pearson[Pea79].
2.3.2 Structures of omega type phases
Crystalline co structures:
It is now well established that crystalline co in the disordered p phase can exist in
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two slightly different modifications, hexagonal co known as ideal co which has a space 
group of P6/mmm determined by Silcock [Sil55] and trigonal structure with a space 
group of P3ml determined by Bagaryaskii et al[Bag55]. The atom positions of both 
structures can be given as:
A = 0 0 0;
B = 2/3 1/3 1/2+z, 2/3 1/3/ 1/2-z with 0<z<l/6.
Figure 2.3.2 Schematic representation showing the relationship between: (A) (3, (B) 
trigonal (or rumpled) co , and (C) ideal co.
(A ) (3 (B ) T rigona l oo (C ) Idea l co
The structure becomes hexagonal when z becomes 0, trigonal when z>0 and goes to 
bcc when z=l/6. The relationship of co structure to the parent bcc phase was 
described by Hatt et al[Hat60] and De Fontaine et al[Fon70] by a (1 1 l)p plane 
collapse model. The co-lattice is obtained by collapsing one pair of (1 1 l)p planes 
to the intermediate position leaving the next plane unaltered, collapsing the next 
pair and so on. The atomic movements required are ±ap3^2/12, where ap is the bcc 
cell constant, or equivalently ±cw/6 where cw is the c-axis of the co phase. The 
complete plane collapse will produce an ideal co with aa)=ap2l ^ and c=ap31 ^2/2. The
1 3
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structural relationship between co and (3 is shown in Figure 2.3.2. The (1 1 l)p 
collapsing directions are indicated in Figure 2.3.2B by arrows. The orientation 
relationship is therefore clearly <11 1 >p//[0 0 0 1]^ and {1 1 0)p//{l 1 2 0)^. An 
important feature of a crystalline co phase is that co is commensurate to (3 such that
co)=3d222p*
As is now well known, the co phase is a derivative of a bcc structure. In view of this, 
it is expected that an co structure can be derived from a two atom simple cubic CsCl 
lattice (B2). A summary of various ordered ca phases are shown in Figure 2.3.3 in 
comparison to the structures of B2 and Renauld's Ni2Al[Cha92, Ben92, Mut93]. It is 
noted that the ordered co phases can be classified into only two space groups, P3ml 
and P63/mmc, despite the variety in their atomic configurations.
Diffuse co structure models:
It has long been known that quenched bcc (|3) alloys of the group IV transition metals 
Ti and Zr with later transition metals (on the right of Ti in the periodic table) 
exhibit scattering which is incommensurate with the parent (3 phaselHat60, Sas72, 
Mos73]. This diffuse scattering is known as diffuse co scattering due to its 
resemblance to the non-diffuse reflections of the crystalline co phase. Crystalline co 
phase formation in quenched group IV base alloys is usually limited to less than 
10at% solute content of later transition metals. For solute content over the limit 
for forming crystalline co, quenching results in the retained (3 phase exhibiting diffuse 
co scattering in diffraction. The diffuse co maxima in the f3 phase shift from the 
positions of crystalline co reflections along < 1 11 > p directions to incommensurate 
reciprocal space positions[Daw70]. The shifts preserve a one-to-one correspondence 
between diffuse co maxima and crystalline co Bragg spots.
In electron diffraction patterns of (3 phase containing diffuse co structure, diffuse 
streakings typically perpendicular to < 111 > p have been observed[Sas69, McC71, 
Wil73]. Sass and MacCabe attributed such streakings to the presence of rows of fine 
co particles along <lll>p//[0001](o. When Williams, de Fontaine and Paton observed 
circular/quasi-circular streakings in Al-12wt%Fe and Al-12wt%Mo alloys[Wil73], 
they suggested that the diffuse co streaking was due to line defects along < 111 > p.
1 4
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However, this model does not explain the extent of the incommensurate shifts of 
diffuse co maxima from the crystalline ones.
Figure 2.3.3 Various ordered co structures in comparison to B2 and Renauld's Ni2Al.
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It has been noted that the effect of increasing solute content of later transition 
metals in the quenched-in group IV base p phase beyond the limit for crystalline co 
formation is to increase the amount by which diffuse co peaks are shifted in 
reciprocal space from commensurate crystalline co positions. This was first shown by 
MacCabe and Sass in Ti-V[Mac71], Dawson and Sass [Daw70], Lin et al [Lin76] in Zr- 
Nb, and Sinkler and Luzzi in Ti-Cr[Sin94]. In addition to the dependence on solute 
content, the magnitude of the diffuse co peak shift also depends on the identity of 
solute. For example, the position shifts in Ti-Mn [Apa75] and Ti-Fe[Wil73, D’ya81] 
are far larger than in Ti-V or Zr-Nb at similar compositions. These data indicate 
that the magnitude of the diffuse co peak shift tends to increase for a given solute 
concentration as the group number of the solute element increases.
The shift of diffuse maxima from the commensurate positions are towards the (111)p 
positions, as shown in Figure 2.3.4 where the thick straight lines represent the 
diffuse co maxima. The maximum shift u from the crystalline co positions are 
k222p/6 when the co maxima coincide with the kinematically forbidden (lll)p 
position. According to Sinkler and Luzzi [Sin94], the co peak shift is due to a random 
mixing of 3d222p, 5d222p and 7d222p co units shown in Figure 2.3.5.
Figure 2.3.4 Schematic diagram showing shifts of diffuse co maxima (thick straight 
lines) from the crystalline co positions (squares).
0 0 2
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1 1 2
1 1 0
2 2 2
2 2 0
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Figure 2.3.5 (A) Trigonal crystalline co structure, 3d222p; (B) 5d222p sub-unit; and 
(C) 7d222p w sub-unit[Sin94].
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The central feature of this structure model for the increase of shift | a |  of diffuse 
co is thus an increase of partially collapsed (222)p planes, combined with a self- 
avoiding tendency of undisplaced planes [Sin94]. Defining nav = 3xw(3) + 5x^(5) + 
7x^(7), where x w (j )  is the fraction of id222p unit in the co structure, the shift | a | = 1 -  
3/nav [Sin94].
2.3.3 Effect of a stabilizing elements on to transition
Williams, Hickman and Leslie observed that additions of ct-stabilizing elements such 
as Sn, O and Al to Ti-V alloys will lower the p/co transus and addition of 10wt%Al 
to Ti-20wt%V will eliminate isothermal co transformation completely [Wil71 ]. 
However, it has been shown recently that when a larger amount of Al is introduced 
into Ti-X alloys in which X=V[Ahm94, Nak92], Mo[Dja92, Nak92, Das93], Nb[Cha91, 
Ben90, Das93], and Ta[Das93], the p phase will order to p2(B2 structure) during 
cooling and an ordered co phase can form in the B2 phase. Ordered co type phases 
were also reported in other B2 forming systems containing Al or O such as Zr2Al, 
Ni-Al, Ti-10V-2Fe-3Al, Ti2HfO and Ti2ZrO (see Table 2.3.1 and also [Sik82] for a 
review).
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2.4 ORDERING TRANSFORMATIONS IN TITANIUM ALLOYS
Due to the important role of Al in titanium alloys, great efforts have been 
contributed to understanding the effects of Al addition to Ti alloys. In alloys 
containing more than 7at% Al, the presence of sufficient quantities of P-stabilizing 
elements stil permits the retention of the bcc allotrope. during quenching. The (3 
phase containing large amount of Al has a tendency to order to an ordered bcc 
structure (B2) isomorphous to CsCl[Wil85,Fro85]. When the alloy does not contain 
enough ^-stabilising elements and the aluminium equivalent exceeds about 9wt%, the
(3 phase will decompose to the a phase and such an a will order to a DOjq structure, 
denoted as a2.
2.4.1 Mechanisms of ordering
As reviewed by Porter and Easterling, solid solutions that have a negative enthalpy 
of mixing prefer unlike nearest neighbours and therefore show a tendency to form 
ordered phases at lower temperatures[Por92]. There are two possible mechanisms for 
creating an ordered structure from a disordered solution phase. (1) there can be 
continuous increase in short range order by local rearrangements occurring 
homogeneously through out the solution phase which finally leads to long range 
order. (2) There may be an energy barrier to the formation of ordered domains, in 
which case the transformation must take place by a process of nucleation and 
growth. The first mechanism may only operate in second-order transformations or 
at very large supercoolings below the ordering transus Tc. The second mechanism is 
generally believed to be more common. When two ordered domains nucleated 
separately, they can be either out of phase or in phase since the two types of atoms 
can either order on the A sublattice or on the B sublattice. When two domains which 
are out of phase grow together, a thermal antiphase boundary (APB) will 
form[Por92].
Even under a very low undercooling below T , the activation barrier to the 
nucleation of ordered domains should be rather small since both nuclei and the 
matrix have essentially the same lattice structure and are therefore coherent with 
a low interfacial energy. Consequently, the nucleation process is generally
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homogeneous. At low aT the nucleation rate will be low and a large mean domain 
size resultf whereas higher values of aT  should increase the nucleation rate and 
hence reduce the initial domain size. The existence of thermal APBs is generally 
considered as an important evidence for the disorder/order transformation.
When an ordered alloy is deformed plastically, an APB can also form between a pair 
of superdislocations in order not to create a net change in order. Since such APBs 
created during plastic deformation are always related to superdislocations and have 
a contrast of straight lines, they exhibit completely different TEM contrast features 
from the thermal APBs which have a diffraction contrast of continuous networks.
2.4.2 Ordering in the p phase
Many workers have reported that addition of p-stabilising elements Nb[Ben89,90,91, 
Ham72, Chan91, Nak92, Wil85, Das93], Mo[Dja92, Nak92, Wil85], Fe[Ink93, Bla68] 
and V[Ahm91,94] encourages the formation of an ordered P phase with B2 structure 
during cooling. An increasing amount of data is now available concerning the phase 
transformation in the Ti-Al-Nb system, in particular the p-B2 ordering and 
subsequent B2 decomposition. The work by Bendersk/ et al defined the p/B2 boundary 
at 1673K and 1373K for Ti-Al-Nb system[Ben89]. Their work suggested that for 
Ti2(Al,Nb) alloys 7at% is the minimum Al concentration to ensure p phase ordering 
over 1373K[Ben89], and a maximum p-B2 ordering temperature over 1673K appears 
at Ti3Al-25at%Nb[Ben93b]. Metastable p-*B2 ordering has been reported in ^Al-Nb 
alloys with over 5at%Nb by melt quenching[Bha92,Kau88], which suggested that the 
metastable P-B2 transus Tc in binary Ti-Al is fairly high. However, much less 
information is available concerning p-stabilising elements other than Nb. In the Ti- 
Al-V system, Ahmed and Flower have reported recently that B2 can exist in a large 
composition range and the ordering Tc in the Ti-Al-V system can be over 1473K in 
a region centred on the vertical section at =31at%Al, with V up to 21at% 
[Ahm91,94]. It has been noticed that ordered co type phases were able to form in al 
the reported Ti-Al-PE systems where the metastable B2 was retained to room 
temperature by quenching from either the melt or from the p or the B2 phase field, 
despite of the large amount of Al contents[Ben89,90,91, Ham72, Cha91, Nak92, 
Ahm91,94, Das93].
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2.4.3 Ordering in the a phase
In a study on the mechanical properties of the Ti-Al alloys, Ogden et al[Ogd53] 
suspected the ordering of the a phase as a reason for poor formability of alloys 
containing more than 15 at% Al, but could not find any proof from the X-ray data. 
Later X-ray work by Goldak and Parr[Gol61] showed that the ordered a (a2) is based 
on Ti3Al and has a DO^  structure.
Due to the limitation of investigation tools, i.e. optical microscopy(OM) and X-ray 
diffraction(XRD), employed in the earlier studies, the a-a2 ordering transformation 
in the Ti-Al system had not been clarified until the extensive use of transmission 
electron microscopy(TEM) by Blackburn [Bla67,68,70]. According to Blackburn, the 
a-a 2 ordering is a first order transformation and a2 does not exist as a 
stoichiometric compound. Now it is generally accepted that the congruent point of 
a2 is at »30.9at%Al and 1437K[Kat92, Oka93]. It has been shown that the a2 phase 
forms as uniformly distributed, coherent precipitates in the disordered a 
phase[Bla67], Quenching alloys containing around 25at%Al from the a phase field 
will lead to thermal APBs in the a2 phase[Bla67].
2.5 TITANIUM ALUMINIDES
2.5.1 Introduction
As mentioned above, the addition of Al to Ti will lead to the a phase ordering to the 
a2(Ti3Al) phase. Further addition of Al in Ti will lead to the formation of other 
titanium aluminides of which y(T1A1) has been a phase of great interest recently. 
Y(TiAl) is an ordered phase of L1q (CuAuI) type structure with a P4/mmm space 
group [Duw52, E1154]. TiAl has a face centred tetragonal structure with Ti atoms on 
(0,0,0) and (1/2,1/2,0) positions and Al atoms on (1/2,0,1/2), (0,1/2,1/2) positions. The 
tetragonality in the structure is due to the presence of alternate layers of Ti and Al 
in the z-direction with a=4.005A, c=4,07A and c/a=1.02.
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F ig u re  2.5.1 Partial Ti-Al phase diagram from [Kim92],
Ti at% Al
A partial Ti-Al phase diagram from [Kim92] is shown in Figure 2.5.1 to show the 
positions of titanium aluminides of current interest, T13AI and TiAl. Due to their 
promising potential for future applications, their structure-property relationship will 
be briefly reviewed in this section. It will be noticed that the contribution of (3- 
stabilising elements (3E) to the microstructures and properties of Ti3Al and TiAl 
base alloys has been an important stimulus for the studies of Ti-Al-(3E systems.
2.5.2 Effect of alloying additions on mechanical properties of c^Cl^Al)
Beside the alloying additions, the size and distribution of oc2 particles in a+ct2 alloys 
have also been considered to improve the ductility [Boy73]. It was mentioned that 
dislocation pile up can be avoided by changing the a2 particle size and inter-particle 
distance which will encourage the dislocation particle interaction by a by-pass 
mechanism rather than shear. The decrease in strength at high temperatures due to 
particle coarsening makes this approach unsuitable.
made.There have been considerable efforts towards understanding the deformation modes 
of the Ti3Al phase. It has been shown that the predominant dislocations involved
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during deformation are the basal dislocations a/3<l 1 2 0>, namely <a> type 
dislocations, along the {10 10} prism planes [Wil68,70, Bla69,Sas77,Sas77b,c,80, 
Lip80,Ker84], Since the c/a ratio is less than 1.63 and the basal plane is thus less 
densely packed, another type of dislocations, i.e. a/3< 1123], namely <c+a> type, has 
also been found in fatigue, tensile and creep tests [Wil68,70, Bla69, Sas77b,c]. 
Correlation of properties to dislocation structures suggested that the poor low 
temperature!<973K) ductility of Ti2Al is due to the absence of <c+a> type 
dislocations, causing the planarity of slip. The contribution of alloying has thus been 
attributed to its effects on the dislocation structures in the Ti3Al phase as well as 
introduction of other phases into the alloys.
The effects of 5 at% addition of Nb on the ordering transformation and the 
mechanical properties of Ti2Al were studied by Sastry and Lipsitt [Sas77]. An 
improvement of ductility was observed: the elongation at 973K was 4-5% due to the 
reduction in the degree of planarity of slip and the presence of <c+a> type 
dislocations. Martin et al [Mar80] studied the effect of both Nb and W on the 
microstructure and properties of Ti3Al. The alloy Ti3Al-5Nb-lW showed a fine 
martensitic structure with fine a2 domains and fine p precipitates. Due to slip 
length refinement there were increases in strength and ductility. The reduction in 
area was increased from 4% at room temperature to 7% at 973K. The room 
temperature strength was also improved.
Blackburn and Smith[Bla81] also studied the effect of Nb on the properties of Ti3Al. 
It was observed that the room temperature ductility of Ti2Al increases with 
increasing Nb content and the presence of |3 phase in alloys of high Nb contents 
enhanced the room temperature ductility at the expense of high temperature creep 
resistance. However, high content of the heavy Nb is not suitable due to the 
sacrifice of the creep strength to density ratio. At room temperature, the elongation 
was 4% in Ti-24Al-llNb(at%). It was found that substitution of V for Nb in Ti-Al-Nb 
was advantageous. The effect of V appeared as a reduction in density and retention 
of high temperature properties. Alloy Ti-25Al-9Nb-2V(at%) was found to have 
properties comparable to Ti-25A1-1 lNb(at%). To obtain a desired balance of tensile 
strength, creep strength and ductility, the alloy was heated above the p transus and
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was then cooled at a rate of 4K/sec, followed by aging at 973-1173K to form a fine 
Widmanstatten structure. Heat treatment of Ti-25Al-9Nb-2V(at%) below the p 
transus reduced the room temperature ductility from 2.3% to 0.25%. The effect of 
cooling rate on the ductility of alloy Ti-24Al-llNb(at%) was also studied and it was 
observed that changes in cooling rate from 4K/sec to lK/sec, or from 4K/sec to 
14K/sec, reduced the ductility from 4.9% to less than 2%. Therefore, intermediate 
cooling rates were preferred.
Yang[Yan82] studied the effect of Nb on the dislocation structure of Ti^Al and 
reported extended superdislocation networks in annealed and creep deformed 
samples. Nb also reduced the APB energy which allowed the networks to be formed 
from paired <a> dislocations in the basal planes. The addition of 0.4 at% Er to T13AI 
was observed to act as an internal getter for interstitial impurities like O, N and C 
[Lof89]. The reduction of interstitial levels has been proposed to have a similar 
effect on the directionality of Ti-Ti bonds in Ti3Al as proposed for TiAl [Vas89c].
2.5.3 Effect of alloying additions on mechanical properties of y(TiAl)
The effect of V on ductility and creep strength of TiAl was studied by Blackburn and 
Smith [Bla81]. In Ti-48 to 50 at% Al alloys, they found 2% elongation at 533K and 
1% at room temperature. V was added from 0.5-2.5 at% which increased the 
ductility to about 5.1% at 533K for Ti-48A1~2,5V (at%). Overall, the alloys with 48- 
50 at% Al and 0.5-2.5 at% V showed modest but stil significant improvement in the 
lower temperature ductility and substantial improvement in the moderate 
temperature ductility, but there was litle effect on high temperature ductility. The 
addition of 0.2 at% C to T1-48A1-1V (at%) enhanced the creep rupture strength but 
decreased the ductility. The tested alloys consisted of predominantly TiAl(y) phase 
with a small amount of globular Ti3Al(a2). The best combination of properties was 
obtained by forging at constant temperature between 1283-1373K followed by air 
cooling, then direct aging between 1023-1273K followed by air cooling, and then 
solution treatment between 1423-1523K plus aging at 1023-1273K followed by air 
cooling.
The effect of V on the yield stress and fracture strain of Ti-50 at% Al and Ti-55 at%
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Al alloys after compression at room temperature was studied by Whang and Hahn 
[Wha89]. The addition of 10 at% V appeared to increase strength but the fracture 
strain remained constant with V. The dislocation structure in the deformed Ti-Al-V 
alloys was similar to that in the binary Ti-Al. It was mentioned that the Al content 
had a dominant effect on the fracture strain rather than the V content. The increase 
in yield strength was due to the solution strengthening effect of V.
A yield stress peak was observed by Whang and Hahn [Wha90] in Ti-55Al-10V (at%) 
at 1073K. Two different dislocation mechanisms were considered to be responsible 
for the positive temperature dependence in TiAl, i.e. partial cross-slip in <101]{111] 
and continuous cross-slip in < 110]{111} slip systems. A similar yield stress peak was 
also observed in the single crystal of TiAl at 873K by Kawabata et al[Kaw85]. In 
polycrystalline TiAl, the yield stress has been shown to increase with a decrease in 
grain size [Vas89],
The effects of V additions on the plastic strain of Ti-48 at% Al, Ti-52 at% Al and 
Ti-54 at% Al alloys in tension and in bending were studied by Hall and Huang 
[Hal91 ]. V was observed to increase the plastic strain of Ti-48A1-3V (at%) (duplex 
structure) to 2.7%. Large amounts of twinning together with a/2< 110] type 
dislocation and absence of faulted dipoles were observed. The deformation structure 
was similar to that of the binary Ti-48A1 alloy described above. The T1-52A1-3V alloy 
(mainly y with pockets of a2) showed a strain of 1.7%. The density of faulted dipoles 
was less as compared to the binary Ti-52A1 alloy. The Ti-54A1-3V alloy (single phase 
y) showed a strain of 0.6 with large number of faulted dipoles. It was concluded that 
the addition of V does not change the deformation behaviour of Ti-48A1. The 
enhanced plasticity with the addition of V in the duplex microstructure of alloy Ti- 
48A1-3V was due to the stabilisation of a in the y phase which purifies y by 
scavenging O and N. It was also argued that V promotes the thermal twins in y and 
these twins may become a source of deformation twins.
The effect of Cr, Hf and Nb additions on the yield strength and bend fracture strain 
of TiAl was studied at room temperature by Kawabata et al[Kaw89]. The fracture 
strain of Ti-50A1 alloy was observed to increase to 2.8% with the addition of
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3at%Cr, remained at the same level with Hf and was observed to decrease with the 
addition of 3at%Nb. It was mentioned that ductility improved with decreasing grain 
size as well as with decreasing c/a ratio. Similar results were also obtained by Hall 
et al [Hal9I] and Ti-48A1 showed improved ductility with smaller c/a ratio than Ti- 
52A1.
The effect of alloying additions of Y, Er, Zr, V, Mn, Cr and Si (0,2-4 at %) was 
observed to lower the brittle to ductile transition temperature (BDTT) of Ti-48A1 
[Str91]. It was also observed that V had an adverse effect on the oxidation resistance 
of Ti-48A1. Cr was mentioned to offer best properties in terms of the improvement 
of oxidation resistance and mechanical properties.
Microstructures of TiAl base alloys also have a significant effect on ductility. Hall 
et al[Hua88, Hua89, Hal89, Hal91] have studied this effect, along with the effect of 
deformation modes and temperature on the deformation behaviour of TiAl. Alloys 
of composition Ti-46 to 54A1 were tested in tension and bending modes from liquid 
nitrogen temperature to about 1273K. The Ti-48A1 alloy with a duplex 
microstructure (composed of y grains with lamellar y+a2) showed the highest plastic 
strain (0.95% in bending and 2.1% in tension). Twinning at {111} planes and a 
majority of l/2< 110] dislocations were observed after both types of deformation at 
room temperature. In y and a2 lamellae, dislocations were observed to move along 
the interfaces of y and a2. There was no evidence of dislocation pinning and 
dissociation.
On the other hand single phase y Ti-52 at% Al alloy showed 0.65 and 1.1% plastic 
strains after bending and tensile tests respectively at room temperature. A few {111} 
twins were found and there was a concentration of faulted dipoles bounded by 
a/6< 112] partials. The individual dislocations of type <110] and superdislocations of 
type a/2< 112] and a< 1013 were also observed. Fully transformed y+ct2 lamellar 
microstructure of alloy Ti-46 at% Al showed a concentration of faulted dipoles and 
a low (0.5%) plastic strain in tension.
The effect of temperature on the dislocation substructure of Ti~48 at% Al (duplex
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microstructure) was minimum and only twinning appeared to be dominant at 
temperatures above BDTT (=873K). In TI-52A1 the high temperature deformation 
substructure was similar to that observed in Ti-48A1 at room temperature. Twinning 
was also observed to increase above BDTT in Ti-52AI. The increase in ductility of 
the duplex alloy was attributed to the partition of O to the a 2 phase which decreases 
the stacking fault energy and hence promotes twin formation in y. The presence of 
twinning and absence of faulted dipoles was observed to enhance the ductility of y. 
Low O content of TiAl may also reduce the directionality of Ti-Ti bonds and 
therefore the anisotropy of the Peierls stress [Vas89c] which increases the mobility 
of a/2< 110] type dislocations at low temperatures. It appears that pure y phase has 
an improved ductility and the addition of O has been observed to decrease the 
ductility [Kaw88j. The addition of Er was observed to act as a getter for O and 
thereby increased the ductility of y [Vas89b].
Kim [Kim89,91,94] reviewed the alloy development, mechanical properties, 
deformation behaviour and factors affecting the ductility of y base aloys-. He 
pointed out that y alloys can be processed both by ingot and powder metallurgy 
routes. The powder route alloys have better properties in terms of their smaller 
grain size but defects (e.g. porosity) can reduce ductility dramatically. Different 
combinations of heat treatment and thermo-mechanical processing (TMP) for single 
and two phase alloys were suggested to obtain desired microstructures with improved 
ductility. The metallurgical factors controlling the ductility of y alloys were also 
summarized. These factors are listed in Table 2.3.2 along with their relationship with 
composition and thermo-mechanical processing.
It is worth mentioning that the optimum value of lamellae to y grain ratio (L/y) is 
between 0.3-0.4 and it is strongly controlled by the position of alloys in binary and 
ternary phase fields and TMP. The TMP cycles for different types of microstructures 
were also identified. In a recent review by Kim [Kim91], heat treatment schemes 
were also suggested for wrought and cast y alloys to obtain the desired 
microstructures. Data on the tensile properties of various y alloys under different 
processing and microstructure conditions studied in the past was plotted against the 
test temperature. This plot is shown in Figure 2.5.2 which shows that the duplex
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microstructure has better room temperature ductility and yield strength. The BDTT 
decreases with increasing room temperature ductility.
Table 2.5.2 Metallurgical factors controlling the ductility of TiAl 
base alloys [Kim89]
Factors Best
condition
Controlled by
Composition TMP
Al content in y Lowest Totally
volume ratio 0.05-0.15 Totally
(a2+Y)L/Ygrain ratio 0.3-0.5 Strongly Strongly
a2/y plate thickness 
ratio
0.25-0.4 Strongly Strongly
Grain size Smallest Strongly Strongly
2.6 THERMODYNAMIC ASSESSMENT OF PHASE EQUILIBRIA IN ALLOY 
SYSTEMS
2.6.1 Thermodynamics and phase diagram
The objective of thermodynamic assessment of phase equilibria is to establish the 
relationship between equilibrium phase compositions and a certain number of 
thermodynamic variables, i.e. pressure and temperature. Such an assessment can not 
only provide a useful check on some experimental data, but also allow extension to 
regions difficult to determine experimentally. The thermodynamic database resulting 
from such assessment can provide an insight into the nature behind various phase 
transformation phenomena, stable or metastable due to kinematical reasons.
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Figure 2.5.2 Variation of tensile properties with test temperature for various TiAl 
based alloys under various conditions[Kim91].
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The study of phase transformations is concerned with how one or more phases in a 
system change into a new phase or a mixture of phases. The reason why a 
transformation occurs at al is because the final state has lower Gibbs free energy 
than the initial one. The Gibbs free energy(G) is defined in terms of enthalpy(H), 
entropy(S) and temperature(T): G = H-TS. Enthalpy is a measure of heat content of 
the system and is given by H=E+PV, where E is the internal energy of the system, 
P the pressure and V the volume. Under isobaric condition, the heat absorbed or 
evolved during a transformation is given by the change in H. When dealing with 
condensed systems under atmospheric pressure, the PV term is usually negligible 
compared to term E, that is H=E. It is worth pointing out that thermodynamic 
parameters such as G, E and H cannot be measured directly and a reference state 
is therefore necessary, although arbitrary, to be decided to define the relative values 
of such quantities.
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A system is said to be in equilibrium when it is in the most stable state, i.e. shows 
no tendency to change ad infinitum. An important consequence of the laws of 
classical thermodynamics is that at constant pressure and temperature, a closed 
system (i.e. one of fixed mass and composition) will be in stable equilibrium if it has 
the lowest possible value of Gibbs free energy. Therefore, when the Gibbs free 
energy of al possible phases can be defined, at given temperature and pressure, as 
a function of composition, the limits of phase compositions over which al phases or 
a set of phases are stable, can be determined. After repeating this analysis for a 
number of temperatures, the phase boundary of the system may be drawn to produce 
a temperature-composition diagram [Kau70].
2.6.2 Computerised phase diagram calculation
The development of fast electronic computers have given a new dimension to the use 
of thermodynamic data, which allows phase diagram calculations^a^cost-effective 
way of obtaining phase equilibrium information. Computerised phase diagram 
calculation has . become more and more popular with the availability of computer 
software and thermodynamic databases for alloy systems of importance. THERMO- 
CALC is one of the widely used software that was developed by the Royal Institute 
of Technology in Stockholm, Sweden.
Phase diagram calculation in multi-component systems are based on two criteria:
(i) at equilibrium the total energy of the system as a whole is lowest, and 
equivalently
(i) the chemical potential of any single component in al co-existing phases is the 
same.
If al the thermodynamic properties of phases were known, characterization of phase 
equilibrium would be quite straightforward. However, in practice, such data is 
generally not available and the Gibbs free energies of the relevant phases have to 
be described by various mathematical models. Phase equilibria in a multi-component 
system have often been established on the basis of the thermodynamic descriptions 
of al the constituent sub-systems. This simplification has been proved to be very
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convenient in modelling multi-component systems, via extension of the constituent 
sub-systems, without introducing significant error[Sun90,91]. The excess free energy 
of mixing of a phase in a ternary system, for example, can be described by summing 
the constituent binary interactions. For the convenience of reference, details on 
thermodynamic models will be reviewed in Chapter 3.
2.7 RAPID SOLIDIFICATION
Rapid solidification (RS) generally refers to solidification processes at cooling rates 
over 10 K/s(compared with the cooling rates of less than a few K/s in ingot 
metallurgy). However, it is also possible to achieve RS through high initial melt 
undercooling prior to solidification without any external cooling rates. In fact, the 
critical feature of RS is a sufficiently large melt undercooling associated with the 
solidification process to guarantee the rapid advancement of the solid/liquid 
interface. The large melt undercooling can be achieved by the following ways:
(i) large cooling rates which can suppress or bypass the onset of nucleation at 
higher temperatures;
(i) elimination or passivation of active heterogeneous nucleation sites.
Jones [Jon90] classified the effects of RS on the microstructures of materials into 
two categories. One of these, constitutional change which includes extension of solid 
solubility and formation of non-equilibrium phases, is highly system specific and is 
associated with the large departures from equilibria that can result from the large 
melt undercooling applicable at the rapidly advancing solid front. The other effect, 
that of microstructural refinement and remorphologisation, is less system specific 
and results also from the short diffusion distances associated with the rapidly 
advancing solid/liquid (S/L) front.
2.7.1 Thermodynamic aspects of rapid solidification
Metastable phase equilibrium obeys the same thermodynamic rules that apply to 
stable equilibrium[Boe86,Per86,Mio90]. At this equilibrium, the temperature and
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chemical potentials of al phases are equal. The Gibbs phase rule stil applies if we 
use the actual number of phases present. Therefore, if a phase is stable in one 
portion of the phase diagram and becomes metastable in another, there is no 
discontinuity in its behaviour as it becomes metastable.
Figure 2.7.1 Hypothetical diagram of free energy at temperature T against 
concentration for (major) phase a and (minor) phases {3, P ’and (3n for a binary A-B 
system, illustrating the relation to the equilibrium diagram (inset) and the use of 
common-tangent construction to define solid solubility limits[Jon73].
Concentration
A realistic and frequently employed assumption for the solidification process is 
interface equilibrium, unless the solid front advances sufficiently fast, leading to 
significant deviation from interface equilibrium. Thermodynamics alone cannot 
predict the deviation from interface equilibrium, but it can stil define the domain 
of possible interface compositions.Suppression of the equilibrium phase under 
particular kinetic conditions of RS allows one or more metastable phases to form 
although their free energies are higher than the equilibrium one. Such higher free 
energy of a non-equilibrium minor phase has been used to account for extension of 
solid solubility in the equilibrium major phase by causing the Gibbs common tangent
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to touch the plot of free energy against the composition of the major phase at a 
higher concentration than for the equilibrium minor phases[Jon73], as shown in 
Figure 2.7.1. It is worth noticing that the reduction or suppression of the amount of 
the minor phase is even more important for the extension of solid solubility.
Figure 2.7.2 Showing regions (shadowed) of thermodynamically allowed solid 
compositions that may be formed when solid a forms from liquid of composition 
Cj^ * Since Tq is the highest temperature at which segregation-free solidification can
occur from a melt of given composition, such segregation-free solidification is
%impossible for a liquid of concentration CL in (B) for which the Tq temperature 
plunges[Boe84b].
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Boettinger et al showed that the limit to the extension of solid solubility is system 
specific due to the difference in the slopes of the Tq line which defines 
temperatures where both the liquid and the solid phases have the same Gibbs free 
energy, as shown in Figure 2.7.2[Boe84b]. An example of metastable phase equilibria 
can be shown with the Al-Fe system where RS can lead to the formation of 
metastable Al^Fe rather than the equilibrium AfyFetBoeSG], The metastable Al-Fe 
phase diagram suggested by Perepezko and Boettinger et al[Per86, Boe86] is shown
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in Figure 2.7.3.
Figure 2.7.3 Partial equilibrium Al-AfyFe diagram superimposed with metastable Al- 
Al^Fe diagram[Per86,Boe86]. Note that there is no discontinuity in extending the 
a-Al liquidus to lower temperature.
2.7.2 Solidification kinetics
Kinetics of RS phenomena generally involves nucleation in the melt and subsequent 
growth. The progress in kinetic modelling can be generally classified into the 
following categories:
i) growth velocity (V) and its effect on morphologies;
i) effects of V on deviation from interface equilibrium;
Conditions for formation of segregation free solid:
Segregation-free solid of an alloy melt can result either when steady state planar 
growth has been established or when the operative partition coefficient k-*l. Planar
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growth from an alloy melt is stabilized at low growth rate by absence of 
constitutional supercooling given by a condition of the form proposed by Tiller et 
al[Til53]:
V < Vc = GD/aT0  (2.1)
where G is temperature gradient in the melt, D is diffusivity of solute in the melt 
and aTq is the alloy freezing range at alloy concentration Cq related to the liquidus 
slope, m, and the operative solute partition coefficient, kv, by:
aT0 = mC0(l-kv)/kv  (2.2)
Mullins and Sekerka were the first to predict that inability of a solidification front 
to sustain the high tip curvature of the increasingly fine cellular structure that 
forms at increasingly high V restabilize a planar front at V > Va the velocity for 
absolute stability given by[Mul64]:
vab = aT0 D/kvr = mC0(l-kv)D/kv2r  (2.3)
where r(=a/S) is the Gibbs-Thomson coefficient, a is the liquid/solid interfacial 
energy, and S is the entropy of fusion of the solidifying phase. The operative solute 
partition coefficient is given in general form by[Azi82]:
kv= (k0 + a0V/D)/(l + a0V/D)  (2.4)
where aQ is the inter-atomic jump distance and Icq the equilibrium partition 
coefficient. Eqn. (2.4) embodies the concept of solute trapping which leads to a 
change in kv towards unity over a relative narrow range of V characterized by:
Vt = D/a0  (2.5)
the velocity at which kv=(kQ+l)/2. Both Eqn.(2.5) and (2.3) define limiting conditions 
for segregation-free solidification. For a typical situation in which aTq increases and
Chapter 2 Literature Review
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liquidus TR decreases with increasing Cq, Vab will be expected to dictate the 
condition for segregation-free solidification at relatively low Cq since Vab will 
increase with increasing Cq. Vt, in contrast, might be expected to determine the 
segregation-free condition when it is lower than Vab due to increasing Cq. Therefore, 
there is a critical solute concentration, CQ=Ccut, at which VaE=Vt, given by:
Ccrit = kv2r/m (l-kv)a0  (2.6)
beyond which solute trapping will determine the onset of formation of segregation- 
free solid[Jon90]. The change in solute distribution at high growth S/L front 
velocities indicates that the interfacial composition of liquid and solid will deviate 
from the equilibrium compositions. A thermodynamic relationship was developed by
Boettinger and Coriell[Boe86b] to correlate the actual interface liquid concentration,
*CR , as a function of the interface temperature, Tj:
Tj = Tm + mv CL* - 2IYR - V/(ik  (2.7)
where R is the tip radius, |ik is the linear interface kinetic coefficient which is 
generally very large for metals[Tri94, Boe86b] and the kinetic undercooling, V/p^, 
is therefore generally negligible for metals when V is not very large, and my is the 
effective liquidus slope which is related to the equilibrium liquidus slope, m, 
as[Boe86b]:
my = m {1 + [k0 - kv + kvln (ky/k0)] / (1 - k0) }  (2.8)
Microstructural evolution during solidification
Lipton, Kurz and Trivedi modelled dendrite growth by assuming free dendrite 
growth[Lip86]. An important conclusion of this model is that the growth velocity of 
the solid phase in an undercooled melt can be related to the liquid/solid interface 
undercooling, aT=Tr-T, by a power law:
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(2.9)
where pn and b are system specific constants which can be calculated by the LKT 
theory, TL is the melting point and T the liquid/solid interface temperature[Lip86, 
Boe86,Sha93]. This power law has been used to model the growth processes in RS Al- 
Fe[Boe86] and Al-Fe-Ni[Sha93] powders, giving good agreement between predictions 
and experiments.
The growth history under RS conditions can be modelled by combining the energy 
balance equation with the growth kinetics as described by Eqn.(2.10). When 
Newtonian heat transfer conditions are applicable, the general heat balance equation 
can be written as [Sha93]:
where x is the fractional solid front propagation, and fs'(x) = dfg/dx, T is the 
interface temperature, h-( is the heat transfer coefficient, t is time, CL $ denote 
heat capacities of liquid and solid respectively, and L' the effective latent heat of 
fusion. d(=As/Vg) is the equivalent thickness of a tiny RS ingot. Ag and Vs denote the 
surface area and the volume of the RS ingot respectively. Tb is the temperature of 
the cooling medium.
For cylindrical geometry: fg=x, dt=d/V dx, and d=6/dp (dp is the powder particle 
diameter) [Boe86]. In the case of a melt spun ribbon, d is the ribbon thickness.
For spherical geometry with nucleation site at the centre of the sphere: f§=x , 
dt=0.5dp/V dx.
For spherical geometry with nucleation on the surface of the sphere: fg=4x3-3x4, 
dt=d /V dx.r
The model suggests that under large initial melt undercooling prior to solidification,
[ CL(l-fs) + Csfs ] dT/dx
= [ L'+ (Cl-Cs)(T-Tn) ] fs’(x) - [t^ (T-Tb) / d] dt (2.10)
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RS will be dominated by an undercooling controlled growth process together with 
thermal recalescence effect and hence microstructural coarsening can occur since 
the cooling medium cannot cope with the large heat release rate at the rapidly 
advancing solidification front. When a balance is reached between latent heat 
release rate and external heat extraction rate, the solidification process will be 
governed by external heat extraction, leading to coarser structures.
The microstructural scales can also be related to the melt undercooling or the 
growth velocity. As reviewed by Trivedi and Kurz recently[Triv94], the size scale 
X of structures which are formed close to an isothermal interface generally follows 
the relationship:
V X2 = constant DT/Cq  (2.11)
where A, can be the dendrite tip radius, the initial secondary dendrite arm spacing, 
and the eutectic spacing. It has been found experimentally that in RS, eqn.(2.11) 
predicts the cellular spacing and eutectic spacing very well[Boe86, Sha93].
2.7.3 Phase competition during rapid solidification
Steady state nucleation approach:
A steady state nucleation approach was put forward by Saunders and Miodownik and 
Tsakiropoulos[Sau86,88] for predicting glass forming range as well as phase 
formation and undercooling in rapidly quenched alloys. The model was later extended 
to incorporate the continuous cooling effect in a high pressure gas atomizer by Pan, 
Saunders and Tsakiropoulos[Pan89].
The general equation for nucleation frequency, JL can be written as [Sau86]:
&() N VJ s = .,_hi Vexp{-G*/kT)  (2.12)
a0
where Dq is the liquid diffusion coefficient, Ny is the number of atoms per unit
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%volume, G is the free energy barrier to nucleation, k is the Bolzman constant, T is 
the temperature, and aQ is the atomic spacing.
= 16tt °m3  (2.13)
where om is the molar liquid/solid interfacial energy, N is Avogadro's number, and 
Gm the molar free energy driving force for solidification. Assuming a =aHm:
(X  = 16wa3 (2 14)
k r  3  kNAr r 2 r r  . . . . .
where Tr=T/Tm, ATr=l-T,., and Tm is the liquidus temperature. It is clear from this 
model that at a given temperature, the phase which has a larger nucleation rate 
would be favoured to form. Under the assumption of homogeneous nucleation, or 
heterogeneous nucleation on nucleation sites of same potency, a phase with higher 
melting temperature and/or smaller ASm will be favoured[Sau88]. Defining a critical 
nucleation rate which gives overall one nucleus per atomised powder particle, allows 
the prediction of preferred nucleation maps for atomization, as well as critical 
nucleation temperatures for various phases in different size powder particles[Sau88, 
Pan89j.
It has been noted that the assumption of steady state nucleation can not always be 
justifiable, especially during RS, when the effect of time dependent nucleation, or 
transient nucleation, on phase competition is relatively large enough for a specific 
cooling rate. A transient nucleation approach has recently been developed by the 
present author and Tsakiropoulos[Sha94b] which is outlined below.
The transient nucleation approach:
In classical nucleation [Vol26, Bec35, Tur49] the behaviour of a non-equilibrium 
system of particles can be described by the Fokker-Plank equation for which an
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approximate analytical solution which relates the time dependent and steady state 
nucleation rates is generally taken as
J  = J s . expi-x/t)  (2.15)
where Js is the steady-state nucleation rate (Js is given by eqn. 2.12). It is noted 
from the above equation that the nucleation rate is very small before time t reaches 
the incubation time x.
Based on the time reversal principle proposed by Feder et al[Fed66], Shao and 
Tsakiropoulos derived the equation for the incubation time of solidification as
T = 16 k f(0) a 4 o r
1 - cosQ " w  2 v T" ' n  A r  2  (2.16)
va x L,eff u aCjV
where k is the Bolzman constant, 0 is the wetting angle for heterogeneous 
nucleation, a is the interfacial energy between the solid and the liquid phases, AGV 
is the volume Gibbs energy for solidification, Va is the average atomic volume of 
the nucleus, f(0)=O,25(2-3cos0+cos30), D is the diffusion coefficient of the rate 
limiting element in the melt, a is the average atomic jump distance, and xL ef is 
the effective alloy concentration which for a binary A-B system is taken as either 
xL,A/xS,A> when the composition of the nucleus is rich in A, or x^ g/xg g when the 
nucleus is rich in B (x is molar fraction and L and S designate the liquid and solid 
phase respectively). It is clear that the interfacial energy acts as a nucleation 
barrier and aGv is the driving force.
The interfacial energy a can be related to the latent heat of fusion H by molar 
quantities as om=0.45Hm, a value suggested by Turnbull for metals[Tur50], where 
am=N0da2a and ^m=^0^aHV ^a=cV^- (2.16) can then be written as:
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x 7.2 R jf(0) 1 - cos0 XL,eff D A Sm a  Tr2
 (2.17)
where TM is the melting temperature of the solid phase, Tr=T/TM, ATr=l-Tr, ASm 
is molar entropy of fusion, and da is the average atomic diameter of the solid phase, 
which can be written as:
where p is the density of the solid phase and Wm is the average weight of a mole of 
solid phase atoms, which is £xjWml where x-y is the molar fraction of atom i in the 
solid phase and is the molar weight of atom i.
Eqn. (2.17) shows that the incubation time, x, of an alloy is in proportion to (aTj.)-^, 
and that the kinematical barrier for nucleation is the melt diffusivity D. The 
departure of the nucleus concentration from the bulk liquid composition reduces the 
probability of the formation of critical nuclei and hence increases the incubation 
time. By plotting the melt temperature against x, the lower time bound of 
nucleation (or the starting TTT curve of solidification) can be obtained.
Since data of diffusion coefficients of undercooled melts is generally not available, 
the melt diffusion coefficient is related to viscosity r| by the Stokes-Einstein 
relationship [Cah65]:
where da L is the average distance between liquid atoms which can also be 
calculated by Eqn. (2.18). Following Thompson and Spaepen[Tho83], the melt
(2.18)
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viscosity rj of undercooled metallic systems is: 
q = 1 0“3 exp[3 .34 TL / ( T - Tg) ] (poise) .....(2.20)
where Tg is the ideal glass transition temperature and Tg=0.25TL (K), the value 
suggested by Turnbull for pure metals (TR is the liquidus temperature of the alloy). 
For binary eutectic alloys, Thompson and Spaepen suggested an additive value of 
that of the two elements weighted by their molar fractions. In the present 
treatment, we simply take Tg=0.25TR since the effect of alloying is reflected in the 
change of alloy melting temperature.
At a certain temperature, the phase which has the shortest t value is favoured to 
nucleate. Preferred nucleation maps for some aluminium alloys predicted by this 
model were in better agreement with the experimental results than the steady state 
nucleation model, especially for dilute alloys where the incubation times are longer 
and therefore the transient nucleation effect is more important[Sha94b]. Predictions 
based on the viscosity diffusion model were improved by considering Tg=0.25To since 
an alloy is thermodynamically similar to a pure metal below T q .
41
THIS WORK
C H A P T E R  3
T H E R M O D Y N A M I C  
A S S E S S M E N T  O F  
T H E  Ti-Al-V S Y S T E M
3.1 INTRODUCTION
Despite a number of recent efforts to establish experimentally several isothermal 
sections of the Ti-Al-V system from 873K to 1473K[Has86,Mea88,Ahm92,94], our 
understanding of phase transformation features at higher temperatures in this 
system is stil very poor. Thermodynamic assessment of the alloy system is 
therefore necessary in order to understand the gist of phase transformations in the 
system. Well established thermodynamic information could then provide a selection 
of test alloy compositions to study the effect of phase variables on the 
microstructures and properties of alloys in a cost-effective way by limiting the 
number of alloys to be examined [Mio90|. It is also hoped that such a database could 
be used to interpret and predict metastable phase transformations during rapid 
solidification processing.
Phase diagram calculations of a multi-component system can be established on the 
basis of the thermodynamic assessments of al the constituent sub-systems [Hod89, 
Sun91], To characterise the Ti-Al-V system thermodynamically, it is first necessary 
to obtain the thermodynamic descriptions of the binary systems, Al-V, Ti-V and Al- 
Ti. The ternary diagrams can then be obtained by introducing a number of binary 
interaction parameters for the counter-phases which by definition are stable phases 
in some of the constituent binary systems but not stable in other constituent binary 
systems. For example, y(TiAl) needs a counter-phase TiV in the binary Ti-V system. 
Finally it may be necessary to extend the constituent binary systems into a higher
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order one. In practice, these parameters are generally optimised by fitting to 
experimental ternary phase boundaries[Sun91].
3.2 THERMODYNAMIC MODELS
For the calculation of phase equilibria, the Gibbs energy(G) of the phases present 
must be expressed as an analytical function of the variables of interest, i.e. 
composition, temperature, and in some cases, pressure. A general review of various 
thermodynamic models was done by Sundman [Sun90]. Important thermodynamic 
models will be reviewed below with special emphasis on model selections, followed 
by a brief explanation of data presentation in this work.
3.2 . 1  S u b s t i t u t i o n a l  s o l u t i o n  m o d e l
The Gibbs free energy of phases such as liquid and substitutional solid solutions 
where interactions between the components are fairly small can be described by a 
solution model[Kau70, Ans79, Hil80]. In this model, the general equation that 
describes the free energy of a binary solution phase, Gg, is given by:
Gs= xaGa° + xBGB° + Gmixxs - TSmixideal  (3.1)
where xAB is the molar fraction of element A and B respectively. GA B° is the free 
energy of the phase in the pure element, and is termed the lattice stability[Kau70j. 
Gmjxxs is the excess Gibbs energy of mixing. T is temperature and Smjxldeal=- 
R(xAlnxA+ xBlnxB) is the ideal entropy of mixing. Gmixxs can be described using a 
Redlich-Kister polynomial series such that:
m^ixXS“ xaxb{L(A,B;0) + L(A,B;l)(xA~ xB) + L(A,B;2)(xA- xB)2
+..+ L(A,B;n)(xA- xB)n}  (3.2)
where L(A,B;0), L(A,B;1),.. , L(A,B;n) are temperature dependent interaction energy 
parameters. The temperature dependence of Gibbs energy above 298.15K for most 
phases, where contribution to the thermodynamic properties arise from electronic,
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vibrational and translational degrees of freedom, can be related to temperature, T, 
by the following format accepted by SGTE (Scientific Group Thermodata Europe) 
[Hod89, Mio94]:
L = a + bT + cTlnT + dT2+ eT3+ fT_1+ gT7+ hT-9  (3.3)
where a, b, c, d, e, f, g, h are constants. Sometimes it is not possible to represent 
data over a wide temperature range and it is generally convenient in practice to 
split the temperature range into several intervals, each described in this way, on the 
condition that there is no discontinuity of the property at the joints of the 
temperature range.
The Gibbs free energy of a multi-component phase can then be predicted using the 
constituent binary descriptions as a basis:
GS= l j  xiGi« ♦ Gmix*s - TSmix^eal  (3 .4)
where i denotes the components in the system, Gj is the lattice stability of the 
phase in the pure element i. The excess free energy of mixing Gmjxxs can be 
described using Margules expansion[Ans79, Hil80] as:
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GmixXS=X i,j xixj En Ui,j;n) (xj - Xj)n 
+ Ei Ej Ekxixjxk Et Lijk‘ Ixt + (1 - x; - xj -xk)/3]
 (3.5)
where ’i, j, k’ denotes component elements, fn! denotes the number of terms taken 
into account in the Redlich-Kister polynomial series, and t=i,j,k. The ideal entropy 
is given by:
-R Ei Xiinx;  (3.6)
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3 . 2 . 2  S u b l a t t i c e  m o d e l
For interstitial and intermetallic phases with broad ranges of homogeneity, the 
sublattice model is now generally used[Hil70, Sun91]. In this model, the structure of 
a phase is conceived as being made up of various interlocking sublattices. Each 
sublattice (s) has a total number of sites (Ns) which can be occupied by an element 
or species (i). The occupation of the relevant element or species on each sublattice 
is given by the site fraction, yjS=NjS/Ns, where Njs is the actual number of sites 
occupied by element or species i on sublattice s.
The Gibbs free energy described by the sublattice model is given by:
Gsl = Gref + Gid + Gxs  (3.7)
rpfThe term G defines a reference plane of energy and is associated with the 
complete occupation of each sublattice by the element mixing on it as a function of 
similar complete occupation on the other sublattices,
Gref = Ez I i i  yiS °G z  (3.8)
where Z denotes a constituent array specifying the complete occupation of different 
species on different sublattices. For example, for a non-stoichiometric phase with 
two sublattice sites I and II which are occupied by elements A, B, C and D, as (A, 
B)j(C,D)jj, Z can be either (A:C) or (B:C) etc. The array (A:C) means that sublattice 
site I is completely occupied by species A and site II by C. Gref in this case is 
written by:
Gref = yA! yc“  G(A:C) + yA‘ yD“  G(A:D)
+ yB' y, ;11 G(B:C) + yB' yDn G(B:D)  (3.9)
t HThe term G expresses the Gibbs energy arising from ideal entropy of mixing of the 
elements on each separate sublattice. Gld is written as:
G id = RT £ s N s yis ln YjS  (3.10)
45
Chapter 3 Thermodynamic Assessment o f T i-A l-V  System
The excess free energy of mixing, Gxs , for the above two-sublattice model, is given 
by:
GmixX$ = r f  XB1 f rc "  G(A,B:C) + yDn G(A,B:D)}
+ yc”  yD1' L a ' G(A:C,D) + yB' G(B:C,D)}  (3.11)
By convention, a comma separates the elements on the same sublattice whereas a 
colon separates the elements on different sublattices.
The interaction coefficients G(i,j:k) can vary with composition and can be expressed 
in terms of a Redlich-Kister polynomial. For example, G{A,B:C) can be expressed 
as:
G(A,B:C) = G(A,B:C;0) + (yA* - yg1) G(A,B:C;1)
+ <yA' - yB1)2 G(A,B:C;2) + .....   (3.12)
When intermetallic phases in a binary system have strictly limited solubility, they 
can be treated as stoichiometric compounds. In such cases, the free energy of a 
phase, is given as a function only of temperature, and is equal to the formation 
energy of the compound referred to the constituent elements in their standard 
states. For stoichiometric compounds the extension into ternary and higher order 
systems is usually done by limiting the occupation of one of the sublatticesto an 
individual element or species and varying the occupation on the other sublattice. For 
example, in AfyM (M=Ti,V), Al occupies a sublattice where Ns=0.333 while Ti and V 
mix on the opposite sublattice where Ns=0.667. The compound is then called a 'line' 
compound with a strict stoichiometry associated with the Al concentration but with 
additional energy associated with the mixing of the transition metals.
3.2.3 Models for ordering transformations
i) The Inden modified BWG model
Since a second order ordering transformation has been observed in the (3 (bcc) phase 
of the Ti-Al-V system in this study, an adequate description of the Gibbs energy of 
the P phase is therefore necessary. A simple model used by Inden et al [Ind66,71,75,
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Ind77] modifies the Bragg-Williams-Gorsky[Bra34,Gor28] treatment by taking into 
account the nearest and the next-nearest neighbour interactions in the bcc phase. 
Agreement of the model predictions with the experimental findings has been found 
to be good qualitatively or semi-quantitatively, at least in Fe-Si[Ind71], Fe- 
Al[Sem74], and Fe-Co[Equ68] systems. The model was also used in the Cu-Zn-Mn 
system by Chandrasekaran to explain the effect of alloying on martensitic 
transformation [Cha80j. For a binary A-B system, the BWG configuration of Gibbs 
energy of a bcc phase is given in k units (k is the Boltzman’s constant) by:
Gbcc= U°- NCaCb(4W(1)+3W(2)) - 0.5N[(8W(1) - 6W(2))x2 + 3W(2)(y2+z2)]
+ 0.25NkT £ L(PALlnPAL+PBLlnPBL)  (3.13)
The first term U8 is the internal energy of pure components, the second term is the 
energy of mixing, the third term gives the energy contribution due to ordering, and 
the last term is the entropy contribution. N is Avogadro’s number, k the Boltzman’s 
constant and CA B are compositions. PA Bk are occupancy probabilities of sublattice 
site ”L”. The energy parameters 1 ^  and are the interchange energies of the 
process for nearest (Inn) and second nearest (2nn) neighbours, respectively. Energy
parameters are given as:
W(k)= - 2VAB(k) + VAA(k)+ VBB(k) ......(3.13b)
where are pairwise interaction energies[Ind77]. For an ordering tendency due
to the kth neighbourhood, is positive, while negative values of correspond
to a segregation tendency, x, y and z are given by:
x = 0.25(Pa ‘+Pa1*- PAnI- PA1V) ......(3.13c)
y = 0.5(PAm- PA1V) ......(3.13d)
z = 0.5(Pa ‘- PaH).................................................................................. ......(3.13e)
For the (3/B2 ordering process, only two sublattice sites are needed. Therefore,
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PAl=PA U and PAIII=PAIVJ and y=z=0. The critical ordering temperature for the 
P/B2 ordering transition can then be expressed by the BWG model explicitly as:
kTc = K C AC Bm {l)- 6W(2))  (3.14)
where x is defined in Figure 1 of [Ind77]. Since are energy parameters, they 
can be determined from energy measurements like enthalpies of mixing of random 
alloys or enthalpies of formation FH(c,T) of alloys (with given atomic 
configurations), as long as the B2 phase is thermodynamically stable in the binary 
system[Ind77]. The p-B2 ordering energy of a binary system is given by[Ind77]:
FH P "*B2(c,T=0K) = 0.5NCb(1-Cb)(8W(1)+ 6W(2))  (3.15)
When the p-B2 ordering reaction is metastable in the constituent binary systems but 
stable in the ternary system, W jj^  can be determined by fitting the observed Tc of 
ternary alloys[Ind75a,b], For a ternary alloy[Ind75b]:
2kTcBWG=Eij {(Ejj jCjCj)2
- 4CACBCc [6ACeBC " °-25!£AC + 6BC “ 6Ab '2151/2  (3.16)
where e- = 8W jj^  - 6Wjj(2\  A detailed review of the Inden modified BWG model 
can be found in [Cha80]. Comparing the BWG model with the sublattice model shows 
that, apart from the incorporation of the ordering terms, it can be considered as a 
simplified sublattice model which considers only regular interaction parameters. This 
simplification may introduce shortcomings in modelling ordering based on close- 
packed structures[Cah79, Kat92].
ii) The Saunders I model [Sau89l
Since the software used in the present assessment is the widely employed THERMO­
CALC program which uses the sublattice model for the Gibbs energy configuration 
of ordered phases, it is necessary to incorporate the ordering energy into the 
sublattice model in order to do computerised thermodynamic modelling. Such a 
model was proposed by Saunders in 1989[Sau89], to evaluate the fcc/L^ ordering
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process in the Al-Li-Zr system. Details of the Saunders model are summarized below 
in molar quantities.
The two-sublattice model for a binary A-B phase is given as: (A,B:A,B). Therefore, 
Gsl = yA l yAn G(A:A) + yA l yBn G(A:B) + yg1 yAn G(B:A) + yB* yBn G(B:B)
 (3.17)
C  xs - TS ideal mix ^mix
The excess free energy of mixing, Gxs , for the above two-sublattice model, is given 
by:
GmixXS = VA yB1 (yA11 G<A,B:A) + yB"  G(A,B:B)}
+ yAn yBn {yA* G(A:A,B) + yB> G(B:A,B))
i yA‘ yB’-yA11 yB11 g(a,b;a,b)  o.is)
Terms such as G(A,B:A) will each have an associated Redlich-Kister polynomial:
G(A,B:A) = G(A,B:A;0) + (yA‘- yB') G(A,B:A;1)
+ (yA‘- yB ‘ )2 G(A,B:A;2)  (3.19)
XA and XB are given by:
XA = m.yAI + p.yAn  (3.20a)
Xg = m.yg1 + P^ yg11  (3.20b)
where m and p are respectively the total number of sites, given as a fraction of 
Avogadro’s number, in sublattice I and II respectively. Replacing XA and XB in the 
solution model, Eqn.(3.5) by Eqns. (3.20a and 3.20b) and letting n=0,l,2, expanding 
and comparing with Eqns.(3.9) and (3.17)-(3.19) allows the following relationships 
between the energetically equivalent solution model and sublattice model:
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G(A:B) = mp.LO + mp(m-p).Ll + mp(m-p)2.L2 
G(B:A) = mp.LO - mp(m-p).Ll + mp(m-p)2.L2
G(A,B:A;0
G(A,B:B;0
G(A,B:A;1
G(A,B:B;1
G(A,B:B;2
G(A,B:B;2
G(A:A,B;0
G(B:A,B;0
G(A:A,B;1
G(B:A,B;1
G(A:A,B;2
G(B:A,B;2
= mm.LO + 3mmp.Ll + mmp(5p-2m).L2 
= mm.LO - 3mmp.Ll + mmp(5p-2m).L2
= mmm.Ll + 4mmmp.L2 
= mmm.Ll - 4mmmp.L2
= mmmm.L2 
= mmmm.L2
= pp.LO + 3ppm.Ll + ppm(5m-2p).L2 
= pp.LO - 3ppm.Ll + ppm(5m-2p).L2
= ppp.Ll + 4pppm.L2 
= ppp.Ll - 4pppm.L2
= pppp.L2 
= pppp.L2
G(A,B:A,B) = -24mmpp.L2 .(3.21)
In the fully ordered condition of a two-sublattice model, the large lattice, denoted 
I, contains only A atoms and mixing occurs on the smaller sublattice, denoted II. In 
this circumstance, yAI=l, yg^O and XB=pyB11. Taking the reference state as the 
disordered parent phase for elements A and B, the ordering energy of complete 
order, ie FHdisoid'*olci(c,T=0K), can then be written from Eqns.(3.17) and (3.18) as:
FHdisord-ord(C)T=0K) = 
I „  IIyA* yBu H(A:B) + yAn yBn [yA! H(A:A,B) + yBA H(B:A,B)] .(3.22)
Comparing Eqn.(3.22) with the BWG configurations of FHdisotd"'orci(c,T=0K), and 
assuming H(A:B)=-H(A:A,B) gives the ordering contribution to H(A:B) and H(A:A,B)
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as:
H(A:B) = -H(A:A,B) = pi (3.23)
Therefore, the enthalpy of ordering given by Eqn.(3.23) should be added to the 
corresponding configurations in Eqn. (3.21) to formulate the energy configurations 
of the ordered phase, such that
G(A,B:A;0) = mm.LO + 3mmp.Ll + mmp(5p-2m).L2 - pi 
G(A,B:B;0) = mm.LO - 3mmp.Ll + mmp(5p-2m).L2 - pi
G(A,B:A;1) = mmm.Ll + 4mmmp.L2 
G(A,B:B;1) = mmm.Ll - 4mmmp.L2
G(A,B:B;2) = mmmm.L2 
G(A,B:B;2) = mmmm.L2
G(A:A,B;0) = pp.LO + 3ppm.Ll + ppm(5m-2p).L2 - pi 
G(B:A,B;0) = pp.LO - 3ppm,Ll + ppm(5m-2p).L2 - pi
G(A:A,B;1) = ppp.Ll + 4pppm.L2 
G(B:A,B;1) = ppp.Ll - 4pppm.L2
G(A:A,B;2) = pppp.L2 
G(B:A,B;2) = pppp.L2
G(A,B:A,B) = -24mmpp.L2  (3.24)
This model, as does the Inden modified BWG model, describes only long range order. 
The Gibbs energy of an ordered phase described by this model is lower than the 
corresponding disordered parent phase below the ordering temperature Tc and it is
G(A:B) = mp.LO + mp(m-p).Ll + mp(m-p)2.L2 + pi 
G(B:A) = mp.LO - mp(m-p).Ll + mp(m-p)2.L2 + pi
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the same as that of the disordered phase above Tc. It should be noted that the 
ternary interaction parameter was not included in this model.
iii) The Saunders II model [Sau94l
The above model was used successfully to model the fcc->Ll2 ordering process in the 
Al-Li-Zr system where there was no need to introduce a ternary interaction 
parameter in the disordered fee phase. However, when Saunders extended the model 
to the Al-Ti-Nb system, where a considerable ternary interaction parameter 
^Al,Ti,Nb Por tlie P phase could not be avoided, problems arose as to how to treat 
the ternary interaction to ensure that the B2 phase would not be destabilized in 
relation to the parent bcc p phase[Sau94], To avoid this problem, Saunders relaxed 
the energy descriptions of the component binary systems to contain only regular 
interaction parameters at the expense of the accuracy of the binary Gibbs energy 
configurations of the bcc P phase. A new model was formalised with the following 
assumptions [Sau94]:
-L(B2,A:B) = -L(B2,B:A) = L(B2,A:A,B) = L(B2,A,B:A) =
L(B2,B:A,B) = L(B2,A,B:B) = L(B2,C:A,B) = L(B2,A,B:C)
 (3.25)
In other words, the interaction parameters were assumed to be only dependent on 
the mixing sublattice.
There have also been other efforts to model ordering reactions and these were 
reviewed by Sundman[Sun90]. However, due to the semi-physical and semi- 
mathematical features of all these models, further work is needed for a much more 
accurate Gibbs energy description for ordering processes. It will be shown later in 
this chapter that a sublattice format which is based on [Sau89] can be easily 
extended into the ternary system without sacrificing the accuracy of the Gibbs 
energy configuration in the constituent binary systems, and at the same time, can 
give good accounts for the stable/metastable transformation phenomena in the Ti- 
Al-V system.
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3 . 2 . 4  P r e s e n t a t i o n  o f  d a t a
For the disordered solution phases, the Redlich-Kister model has generally been 
accepted. For the description of ordered intermetallic compounds, a variety of 
models can be used[Sun90]. In the THERMO-CALC program[Sun91 ], sublattice models 
are often employed for intermetallic phases. In view of the crystallographic features 
of the intermetallic phases in the current system, a two-sublattice model was 
adopted for them in this study.
To establish the thermodynamic database for this study, the SGTE convention has 
been followed[Hod89]. Pure element ’G’ values are given relative to the enthalpy of 
selected reference states at 298.15K. This state is denoted by ’SER'. The 
thermodynamic presentations of pure elements can be found in the Appendix I and 
II in the following format:
(i) Pure elements and their stable state reference
op n
(ii) H function for the pure elements
The thermodynamic description of each phase is given as:
(i) Phase identification and the polynomial adopted
(ii) Number of subiattices and correspondent site occupancies
(iii) The elements in each sublattice
(iv) Energy parameters for the pure elements
(v) The Redlich-Kister coefficients for each solution phase
The energy parameters are denoted by ’Gf. The Redlich-Kister coefficients for the 
free energy interaction parameters are denoted by ’L(X:Y;n)' where X and Y are 
lists of elements occupying the sublattices I and II respectively. The elements 
present in a sublattice site are separated by commas and a colon separates different 
sites. The number 'n' denotes the order of the Redlich-Kister coefficient.
The lattice stabilities of pure elements are based on accepted SGTE values. The 
interaction parameters of stoichiometric compounds are considered to be zero, and
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the parameters of phases which have a range of solubility have been determined by 
fitting to the experimental thermodynamic data and phase diagram data via 
optimisation.
The p(bcc, A2) phase has a tendency to order to B2 structure via second order 
transformation in the ternary system. For the convenience of modelling, this phase 
was modelled in two steps. The first step considers p as a disordered solution 
phase(Appendix I). The second step adds an ordering energy into a sublattice P model 
which can treat both ordered and disordered P phase in a single configuration 
(Appendix II). The p phase in equilibrium with the liquid alloy was treated as the 
reference state of all other phases.
3.3 TI-AL BINARY PHASE DIAGRAM
3 .3.1 L i t e r a t u r e  r e v i e w
Great effort has been devoted to establishing the nature of the Ti-Al phase 
equilibria over the past 40 years. Although general agreement has been reached at 
the Al rich end of the phase diagram, there is still considerable controversy over the 
nature of phase equilibria in Ti rich alloys. It is therefore important to review the 
literature relating to the Ti rich side of the Ti-Al phase diagram, in particular, the 
phases a, c^TigAl) and y(TiAl) since they are phases of great interest for the 
development of Ti2Al and TiAl based alloys.
The first comprehensive study of the Ti-Al system was carried out by Ogden et 
al[Ogd51] using metallography and X-ray diffractometry (XRD). The composition 
range of TiAl was found to be 47.5 to 60 at% Al and TiAl was shown to form from 
the melt while the a phase was shown to form by a peritectic reaction L+p-a. 
Duwez and Taylor’s XRD work [Duw52] confirmed most of the results of Ogden et 
al[Ogd51], while the structure of TiAl (y) was determined to be L1q with a=3.989 A ,  
and c=4.067 A .  Bumps, Kessler and Hansen[Bum52] confirmed the existence of the 
y phase[Ogd51, Duw52] but they suggested that a formed by a peritectoid reaction 
P+y-a, rather than by a peritectic L+p-*a reaction, and that y formed by a
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peritectic reaction L+p-y, rather than by the reaction L+a-y. Hansen reviewed all 
work prior to 1958 and proposed the then accepted phase diagram shown in Figure
3.3.1 A which suggested that the a phase formed via the peritectoid reaction p+y-a 
instead of by the peritectic reaction L+p-a as proposed by Ogden et al[Ogd51].
Later, in a study on the mechanical properties of Ti-Al alloys, Ogden et al[Ogd53] 
suspected ordering of the a phase as the reason for poor formability of alloys 
containing more than 15 at% Al, but they could not find any proof of ordering from 
the X-ray data. Later, Goldak and Parr[Gol61] confirmed the existence of an 
ordered a phase (a2) and determined the structure of a2(Ti3Al) as DO j 9 after an X- 
ray diffraction study on a 25 at% Al alloy, with good agreement between observed 
and calculated intensities.
The most important dispute over the phase transformations involving p, a and a2 
phases was whether there was a peritectoid reaction a2+p-a at the Ti-rich end of 
the phase diagram. The investigations of Sagel et al[Sag56], Sato and Huang[Sat60], 
Clark et al[Cla62], Tsujimoto and Adachi[Tsu66] favour the view that a2 is involved 
in a peritectoid reaction a2+p-a. Later work by Crossley[Cro66,67], however, 
suggested that a2 was a stoichiometric compound which was not involved in a 
peritectoid reaction. There were a+a2 two phase fields on both sides of the 
compound.
Due to the limitations of the investigative tools employed in the earlier studies, i.e. 
optical microscopy(OM) and X-ray diffraction(XRD), the a/a2 ordering 
transformation in the Ti-Al system was not clarified until the extensive use of 
transmission electron microscopy(TEM) by Blackburn [Bla67,67b,68,70]. According 
to Blackburn, the a2+p-a reaction does not exist and the a2 phase can exist in a 
wide composition range (Figure 3.3.IB).
The Blackburn partial Ti-Al phase diagram was later confirmed by Namboodhiri , 
McMahon and Herman (Figure 3.3.1C) [Nam73] and Shull, McAlister and Reno (Figure 
3.3.ID) [Shu85] using TEM. Shull et al also pointed out that O and N raise the 
a/(a+a2) phase boundary and this effect is more pronounced at higher Al content.
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The results of this study are very close to Blackburn[Bla67] and Namboodhiri et 
al[Nam73j.
F i g u r e  3.3.1 Ti-Al phase diagrams from (A) [Han58], (B) [Bla67], (C) [Nam73], and 
(D) [Shu85].
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Figure 3.3.2 Ti-Al phase diagram from [Mur87].
Weight Percent Aluminum
In the late eighties, Murray completed a meticulous thermodynamic assessment of 
the entire Ti-Al diagram[Mur86,87]. The Murray version (Figure 3.3,2) has the same 
features on the Ti rich side as observed by Shull et al[Shu85], The maximum 
temperature and composition of a^a2 ordering are the same but there is a 
difference between the a/{a+a2) and a2/(a+a2) boundaries by 2-3 at% Al and the 
a-a2+Y eutectoid temperature is 25° higher in the assessed phase diagram. Murray 
pointed out that more work has to be done on this part of the phase Ti-Al diagram 
and that the difference between coherent and incoherent boundaries and the effects 
of impurities other than oxygen remained to be determined.
Since the publication of Murray’s version of the Ti-Al phase diagram, more careful 
experimental work has been carried out at the middle part of the Ti-Al phase 
diagram due to the interest in y(TiAl) intermetallics. By combining the dendrite 
morphologies of the primary phase in the as solidified Ti-Ai ingots with in-situ high 
temperature XRD, McCullough, Valencia, Levi and Mehrabian [McC87,88,89] showed
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that the phase equilibria with the liquid phase follow the suggestion by Odgen et al 
more than 30 years ago[Odg51], i.e. there were two peritectic reactions in the Ti-Al 
phase diagram at high temperatures, L+f3-a and L+a-y (Figure 3.3.3A). Although 
McCullough et al employed modern techniques such as TEM-EDX and SEM-EDX to 
determine phase structures and phase compositions, they did not measure the a2 
ordering temperature. Their partial phase diagram was completed by taking 
temperature data from Murray’s phase diagram.
Figure 3.3.3 Partial Ti-Al phase diagrams established by (A) McCullough et al 
[McC89j, and (B) Huang and Siemers[Hua89].
Atomic Percent Al
The initial work on the Ti-Al phase diagram by Ogden et al[Ogd51] showed a high 
temperature a phase but they did not mention the purity of their alloys. In the 
study of McCullough et al, the oxygen content of as-melted material was only 400- 
600 ppm [McC87,88,89]. Huang and Siemers [Hua89] also found this high 
temperature a phase in near stoichiometric TiAl alloys, as shown in Figure 3.3.3B, 
but the suggested position of the a phase field was very close to that observed by 
Ence and Margolin [Enc61]. The O content was mentioned as 0.06-0.09 wt% which 
is higher than that of [McC87,88,89]. It is now considered that the work by 
McCllough et al is more reliable[Kim91,92],
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Table 3.3.1 Special features of the Ti-Al system[Oka93]
Reaction Composition, 
at% Al
T, °C Reaction
Type
L -  pTi 0 1670 Melting
PTi -  aTi 0 882 Allotropic
L + p -» a 49.4 44.8 47.3 1490 Peritectic
a -  a2 30.9 1164 Maximum T
a -  « 2 + y 39.6 38.2 46.7 1118.5 Eutectoid
L + a -  y 55.1 51.4 55 1462.8 Peritectic
L + y -* Ti2Al5 72.5 66.5 71.4 1415.9 Peritectic
Y + Ti2Al5 -  TiAl2 64.5 71.4 66.7 1199.4 Peritectoid
Ti2Alj5 — TiAl2 + TiA^ 71.4 66.7 74.2 990 Eutectoid
L + Ti2Alb -* TiA^ 79.1 71.4 75 1392.9 Peritectic
L + TiAl3 -  (AI) 99.9 75 99.4 664.2 Peritectic
L -  Al 100 660.452 Melting
Although the shape of the Ti-Al binary phase diagram on the Al-rich end is generally 
agreed, there have been studies[Ram65, Loo73, Loi83, Loi84, Loi85a, Loi88, Kal89, 
Sch90] reporting the presence of Al-rich phases such as TiAl2, TibAljj(or TfyA^), 
Ti2Al5, T i1_xA l1+x and Ti^Al23 between the two confirmed TiAl and TiA^ Phases. 
The latest published version of the Ti-Al phase diagram was a thermodynamic 
assessment by Kattner, Lin and Chang[Kat92]. The diagram was reviewed by 
Okamoto in 1993[Oka93] based on [Kat92]. The diagram is shown in figure 3.4 and 
special points in it are summarized in Table 3.3.1.
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3 . 3 . 2  C a l c u l a t i o n  o f  T i - A l  p h a s e  d i a g r a m
As reviewed above, the Ti-rich part of the Ti-Al phase diagram has been the subject 
of considerable debate for many years. The recent experimental work[Val87, McC88, 
McC89] has clarified that the a phase is involved in a peritectic reaction with the 
J3 phase rather than a peritectoid one with (3 and y(TiAl) as suggested by Murray’s 
review[Mur87]. Therefore, these experimental results were highly weighted in the 
current optimization process.
Thermodynamic models of phases in the Ti-Al system are as follows:
Liquid: Redlich-Kister;
p(A2, bcc): Redlich-Kister;
fee: Redlich-Kister;
a(A3): Redlich-Kister;
c^ClfeAl): Sublattice model: (Al,Va)o 25 : (A1,T1)q ( where ” :” separates
different sublattice sites and the subscripts denote site molar 
fractions and Va denotes vacancy);
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y ( T i A l ) :  ( A l , V a )0 5 : ( A l , T i )0 5 ;
A l n T i 5 : ( A l )0 68 : (Al)0 3 2 ;
A l 3Ti: ( A l )0>75 : ( A l )0 2 5;
A l 2 Ti: ( A D 0.667 : ( A l )0 .3335
D e t a i l s  o f  t h e  t h e r m o d y n a m i c  d a t a  c a n  b e  f o u n d  in A p p e n d i c e s  I a n d  II. T h e  k e y  fo r  
d a t a  p r e s e n t a t i o n  w a s  p r e s e n t e d  in S e c t i o n  3.2.4.
F i g u r e  3 . 3 . 5  C o m p a r i s o n  b e t w e e n  t h e  c a l c u l a t e d  a n d  e x p e r i m e n t a l l y  d e t e r m i n e d  
t h e r m o d y n a m i c  d a t a  o f  t h e  liquid a n d  P  p h a s e s :  (A) h e a t  o f  m i x i n g  in t h e  liquid 
p h a s e  a n d  (B) a c t i v i t y  o f  A l  in t h e  p  p h a s e .
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F i g u r e  3.3.5 c o m p a r e s  o f  t h e  a v a i l a b l e  e x p e r i m e n t a l  t h e r m o d y n a m i c  d a t a  o f  t h e  
b i n a r y  T i - A l  liquid p h a s e  a n d  p  p h a s e  w i t h  d a t a  c a l c u l a t e d  b y  this w o r k .  T h e  
a g r e e m e n t  is a p p a r e n t l y  v e r y  g o o d .  T h e  c a l c u l a t e d  T i - A I  p h a s e  d i a g r a m s  a r e  s h o w n  
in F i g u r e  3.3 . 6  w i t h  s u p e r i m p o s e d  e x p e r i m e n t a l  p h a s e  d i a g r a m  d a t a .  It is i n t e r e s t i n g  
t o  n o t e  t h a t  t h e  c a l c u l a t i o n s  o f  t h e  T i - A l  p h a s e  d i a g r a m  in t h e  p r e s e n t  s t u d y  
i n d i c a t e  t h a t  it is p o s s i b l e  t o  a l m o s t  c o m p l e t e l y  r e c o n c i l e  t h e  a / P  b o u n d a r i e s  
o b s e r v e d  e x p e r i m e n t a l l y  w i t h  t h e  c o n s t r u c t i o n  w h e r e  a  is s h o w n  t o  b e  a b l e  t o  b e  in 
e q u i l i b r i u m  w i t h  t h e  liquid p h a s e ,  a  f a c t  c l arified b y  v a r i o u s  r e s e a r c h e r s  
r e c e n t l y [ M c C 8 9 ,  K i m 9 1 ] .  H i g h  t e m p e r a t u r e  equilibria in t h e  c o m p o s i t i o n  r a n g e  o f  
6 0 - 7 5 a t % A l  a r e  h o w e v e r  still u n c e r t a i n .
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F i g u r e  3 . 3 . 6  C a l c u l a t e d  T i - A l  p h a s e  d i a g r a m  w i t h  e x p e r i m e n t a l  p h a s e  b o u n d a r i e s  
s u p e r i m p o s e d :  ( A )  is t h e  w h o l e  d i a g r a m  a n d  (B) T i - r i c h  e n d .
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The calculated phase diagram is also in general agreement with [Kat92] except for 
the region between TiAl and AfyTi, As pointed out in the above review, there is still 
uncertainty in the experimental work concerning this part of the Ti-Al phase 
diagram. In this study, only Alj jT i5 and AfyTi [Kal89] are considered in this part of 
the phase diagram since these are the only phases that have been observed to appear 
in this part of the diagram by several workers using modern techniques [Ram65, 
Kal89, Sch90].
3.4 TI-V BINARY PHASE D I A G R A M
3.4.1 L i t e r a t u r e  r e v i e w
Murray's recent thermodynamic review of the Ti-V system [Mur87] was based on 
experimental data from [Ade52] and [Rud69] for the liquid/(3 equilibrium, and 
[Gre89], [McC51], [Ade52], [Pie52], [Ron70,72], [Mol74,77], [Erm61], and especially 
[Nak80] for the p/a equilibrium (see [Mur87]). The phase diagram, as shown in Figure
3.4.1 A, is characterized by a miscibility gap in the (pTi,V) solid phase with the 
critical temperature of 1123K and a monotectoul temperature of 948K[Nak80], The 
composition of (PTi,V) at the monotectoid temperature was estimated to be 18 and 
80at%V. In an earlier evaluation, however, Murray proposed a phase diagram without 
a stable miscibility gap in the solid p phase[Mur81].
Wei and Flower[Wei80] clarified this disagreement by studying phase transformations 
in a 50wt%V alloy containing <0.095 to O.36wt%0 and heat treating at 1023 and 
673K. Results of transmission electron microscopy(TEM), X-ray diffraction(XRD) and 
hardness testing indicated that oxygen opens up the miscibility gap. No monotectoid 
reaction is expected to occur in the stable state in the Ti-V system containing no 
oxygen. Therefore, the stable phase diagram is of the construction proposed earlier 
by [Mur81] and the miscibility gap in the p phase is metastable. The Ti-V phase 
diagram from [Mur81] is shown in Figure 3.4.1.
At high temperatures, p-Ti and V form a complete series of solid solutions. Between 
the composition at which the p phase can be retained on quenching, 14.9wt%V
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[Pie52], a n d  V,  t h e  latt i c e  p a r a m e t e r  c h a n g e s  n e a r l y  l i nearly w i t h
c o m p o s i t i o n [ A d e 5 2 ,  P i e 5 2 j ,  w i t h  a  slight n e g a t i v e  d e v i a t i o n  f r o m  V e g a r d ’s
l a w [ P i e 5 2 ] .  W h e n  V  is less t h a n  1 4 . 9 w t % ,  q u e n c h i n g  t h e  a l l o y  f r o m  t h e  P  p h a s e  field
<will l e a d  t o  m a r t e n s i t i c  t r a n s f o r m a t i o n [ P i e 5 2 ,  S a t 6 0 ] ,  e i t h e r  a  c p h  a  o r  a  
11o r t h o r h o m b i c  a s t r u c t u r e ,  d e p e n d i n g  o n  t h e  V  c o n t e n t [ A g e 7 5 ,  G u s 7 8 , 8 2 ] .
F i g u r e  3.4.1 T i - V  p h a s e  d i a g r a m  f r o m  [ O k a 9 3 b ,  M u r 8 1 ] .
Weight Percent Vanadium
iT h e  a m a r t e n s i t e  f o r m s  in t h e  T i  r i c h  all o y s  ( < 5 a t % V ) .  F o r  a l l o y s  c o n t a i n i n g  m o r e  
t h a n  1 4 . 9 a t % V ,  q u e n c h i n g  t h e  all o y  f r o m  t h e  p  p h a s e  field will l e a d  t o  d i f f u s i o n l e s s
o) f o r m a t i o n  a n d  t h e  h i g h e s t  V  c o n c e n t r a t i o n  f o r  d i f f u s i o n l e s s  o> t r a n s f o r m a t i o n  is 
2 5 a t % V [ L e i 8 0 ] .  I s o t h e r m a l  o> t r a n s f o r m a t i o n  c a n  f o r m  f r o m  m e t a s t a b l e  p  p h a s e  
c o n t a i n i n g  m o r e  t h a n  2 5 a t % V  v i a  d i f f u s i o n - c o n t r o l l e d  n u c l e a t i o n  a n d  g r o w t h  
[ H i c 6 8 , W i l 7 1 , L e i 8 0 ] ,  D u r i n g  l o w  t e m p e r a t u r e  a g i n g ,  t h e  c o m p o s i t i o n  o f  o> p h a s e  
c h a n g e s  until it r e a c h e s  a  m e t a s t a b l e  e q u i l i b r i u m  v a l u e .  T h i s  c o m p o s i t i o n  is
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s u g g e s t e d  as  1 3 . 5  t o  1 5 a t % V [ H i c 6 8 ,  V a n 7 1 ] .  C r y s t a l  s t r u c t u r e s  o f  v a r i o u s  p h a s e s  
p r e s e n t  in t h e  T i - V  s y s t e m  a r e  listed in T a b l e  3.4.1.
T a b l e  3.4.1 C r y s t a l  s t r u c t u r e s  o f  p h a s e s  in T i - V  [ O k a 9 3 b ]
P h a s e C o m p o s i t i o n ,
( a t % V )
S p a c e
g r o u p
S t r u k t u r -
b e r i c h t
d e s i g n a t i o n
L a t t i c e
p a r a m e t e r ( n m )
P ( T i , V ) 0 t o  100 I m 3 m A 2 ( b c c ) p - T i :  0 . 3 3 0 6 5  
P - V :  0 . 3 0 2 8 2
a - T i 0  t o  3 P 6 3 / m m c A 3 ( h c p ) 0 . 2 9 5 0 4 ,  0 . 4 6 8 3 3
M e t a s t a b l e  p h a s e s
i
a 0  t o  5 P 6 ^ / m m c A 3
ii
a 5 t o  1 5 C m c m A 2 0
(O >11 P 6 / m m m  
o r  P 3 m l
....
3 . 4 . 2  C a l c u l a t i o n  o f  T i - V  d i a g r a m
D e t a i l s  c o n c e r n i n g  t h e r m o d y n a m i c  d a t a  a n d  m o d e l s  f o r  v a r i o u s  p h a s e s  in t h e  T i - V  
s y s t e m  a r e  g i v e n  in A p p e n d i x  I. T h e  T i - V  d i a g r a m  c a l c u l a t e d  in this w o r k  is s h o w n  
in F i g u r e  3 . 4 . 2  w i t h  s u p e r i m p o s e d  e x p e r i m e n t a l  points. T h e  p h a s e  b o u n d a r i e s  a r e  in 
g o o d  a g r e e m e n t  w i t h  m o s t  e x p e r i m e n t a l  results. T h e r e  is n o  s t a b l e  m i s c i b i l i t y  g a p  
in t h e  c a l c u l a t e d  d i a g r a m .  A s  clari f i e d  b y  W e i  a n d  F l o w e r ,  t h e  r e p o r t e d  m o n o t e c t o H  
r e a c t i o n  a t  t h e  m i d d l e  o f  t h e  d i a g r a m  w a s  d u e  t o  o x y g e n  c o n t a m i n a t i o n  [ W e i 8 9 ] ,  T h e  
m i s c i b i l i t y  g a p  in t h e  P  p h a s e  is m e t a s t a b l e  w i t h  a critical t e m p e r a t u r e  o f  2 8 5 ° C  a t  
3 0 a t % V ,  a s  s h o w n  in F i g u r e  3.4.3.
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F i g u r e  3 . 4 . 2  C a l c u l a t e d  T i - V  p h a s e  d i a g r a m  w i t h  e x p e r i m e n t a l l y  d e t e r m i n e d  p h a s e  
b o u n d a r i e s  s u p e r i m p o s e d .
2000
1400-
1200-
1000-
*  MOLE FRACTION V
A 52Ade
X 69Rud 
^89Gre 
□ 51McQ 
0  52Pie 
+ 70,72Ron 
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*  80Nak
F i g u r e  3 . 4 . 3  C a l c u l a t e d  m e t a s t a b l e  m i s c i b i l i t y  g a p  in t h e  (3 p h a s e .
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3 . 5  A L - V  B I N A R Y  P H A S E  D I A G R A M
3 . 5 . 1  L i t e r a t u r e  r e v i e w
T h e  c r y s t a l  s t r u c t u r e  o f  A I 3V  w a s  first d e t e r m i n e d  b y  B r a u e r  in 1 9 4 3 [ B r a 4 3 ] .  T h e  
c r y s t a l  s t r u c t u r e s  o f  A l - V  c o m p o u n d s  w e r e  d e t e r m i n e d  b y  [ C a r 5 5 ]  a n d  a r e  listed in 
T a b l e  3.5.1.
T a b l e  3.5.1 C r y s t a l  s t r u c t u r e s  o f  p h a s e s  in A l - V  [ C a r 5 5 ]
P h a s e C o m p o s i t i o n ,
( a t % V )
S p a c e
g r o u p
S t r u c t u r e L a t t i c e
p a r a m e t e r ( n m )
A 1 U V 8 . 3 3 F d 3 f e e 1 . 4 5 8 6
a i 6 v 1 4 . 2 9 P 6 3/ m m c h e x a g o n a l 0 . 7 7 1 8 ,  1 . 1 7 1 5
A I 3V 2 5 I 4 / m m m D 0 2 2 0 . 3 7 7 2 ,  0 . 8 3 0 5
A 1 8 V 5 3 8 . 4 6 I 4 3 m D 8 2(bcc) 0 . 9 2 0 7
A l y V - - - - - - - -
T h e  a c c e p t e d  p h a s e  d i a g r a m  in [ B i P 8 6 ], s h o w n  in F i g u r e  3.5.1, w a s  b a s e d  o n  t h e  
e x p e r i m e n t a l  p h a s e  d i a g r a m  s t u d i e s  o f  C a r l s o n  e t  a l [ C a r 5 5 ] ,  Elliott a n d  
M o n d o l f o [ E 1 1 5 5 ] ,  B a i l e y  e t  al[Bai59j, G e b h a r d t  a n d  J o s e p h [ G e b 6 1 ]  a n d  v a r i o u s  o t h e r  
w o r k e r s [ R o s 5 4 ,  J o r 5 6 ,  H o l 6 3 ]  f o r  V  r i c h  alloys. T h e s e  r e s u l t s  w e r e  o b t a i n e d  b y  
o p t i c a l  m i c r o s c o p y ,  t h e r m a l  a n a l y s i s  a n d  X R D  a n d  t h e  l i quidus f o r  V  r i c h  alloys w a s  
t e n t a t i v e .
T h e r m o d y n a m i c  d a t a  o n  A l - V  all o y s  a r e  a v a i l a b l e  f r o m  K u b a s c h e w s k i  a n d  
H a y m e r [ K u b 6 0 ] ,  N e c h e l  a n d  N o w o t n y [ N e c 6 9 ]  a n d  B a t a l i n  e t  a l [ B a t 8 6 ].
3 . 5 . 2  T h e r m o d y n a m i c  a s s e s s m e n t  o f  A l - V  s y s t e m
F i g u r e  3 . 5 . 2  s h o w s  t h e  A l - V  p h a s e  d i a g r a m  c a l c u l a t e d  b y  this w o r k  t o g e t h e r  w i t h  
e x p e r i m e n t a l  p o i n t s  ( s e e  A p p e n d i x  I fo r  t h e r m o d y n a m i c  d a t a  a n d  m o d e l s  o f  p h a s e s ) .
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T h i s  is in g o o d  a g r e e m e n t  w i t h  t h e  a c c e p t e d  e x p e r i m e n t a l  p h a s e  d i a g r a m [ B i P 8 6 ],
F i g u r e  3.5.1 A l - V  p h a s e  d i a g r a m  f r o m  [ B i P 8 6].
Weight Percent Vanadium
Atomic Percent Vanadium
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T a b l e  3 . 5 . 2  H e a t s  o f  f o r m a t i o n  o f  solid p h a s e s  in A l - V .  A l l  v a l u e s  in k j / m o l .
a t % V P h a s e s
p r e s e n t
H e a t  o f  f o r m a t i o n
[ K u b 6 0 ] [ N e c 6 9 ] C a l c u l a t e d  b y  this w o r k
6 0 V - 1 5 . 0 — - 1 8 . 5
5 0 V  +  A l g V g - 1 8 . 5 — -2 0 .0
5 0 v  +  A i8 v 5 - 1 6 . 8 —
4 5 V  + A 1 8 V 5 - 2 0 . 5 — - 2 1 .1
4 0 V  +  a i 8 v 5 - 1 9 . 7 — - 2 2 . 3
3 9 V  +  A l g V g -2 0 .0 — - 2 2 . 5
3 8 . 5 A ' 8 V 5 — - 2 3 . 4 -2 2 .6
3 5 a i 8 v 5 + a i 3 v - 2 5 . 2 — - 2 3 . 5
3 0 a i 8 v 5 + a i 3 v - 2 3 . 6 — - 2 4 . 8
3 0 a i 8 v 5 + a i 3 v - 2 5 . 2 —
2 5 A 1 3 v - 2 6 . 8 — - 2 6 . 1
2 5 a i 3 v — - 2 7 . 6
T a b l e  3 . 5 . 3  C o m p a r i s o n  o f  m e a s u r e d [ B a t 8 5 ]  a n d  c a l c u l a t e d  h e a t s  o f  m i x i n g ,  
H m ix > o f  d i l u t e  A l - V  alloys. V a l u e s  in k j / m o l .
a t % V [ B a t 8 5 ] C a l c u l a t e d  b y  this w o r k
2 . 5 - 1 . 5 7 - 1 . 6 4
5 .0 - 3 . 0 9 - 3 . 1 6
7 . 5 - 4 . 6 3 - 4 . 5 8
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C o m p a r i s o n  o f  c a l c u l a t e d  a n d  e x p e r i m e n t a l  h e a t s  o f  f o r m a t i o n  is g i v e n  in T a b l e  
3.5.2. T h e  c a l c u l a t e d  a n d  e x p e r i m e n t a l  h e a t s  o f  m i x i n g  o f  t h e  liquid p h a s e  a r e  listed 
in T a b l e  3.5.3.
F i g u r e  3 . 5 . 2  C a l c u l a t e d  A l - V  p h a s e  d i a g r a m  w i t h  e x p e r i m e n t a l l y  d e t e r m i n e d  p h a s e  
b o u n d a r i e s  s u p e r i m p o s e d .
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3.6 TI-AL-V TERNARY PHASE DIAGRAM
3.6.1 L i t e r a t u r e  r e v i e w
The development of a number of industrial alloys including the well-known Ti-6A1-4V 
alloy (wt%) has led to considerable efforts to establish the Ti-Al-V ternary system 
since the early fifties. Aluminium is the most important a stabiliser which has been 
widely used for all a ,  a + p  alloys and even for some p  alloys in small quantities. 
Vanadium is a p  isomorphous element and is commonly used for p  and a + p  alloys. 
A number of different sections of the Ti-Al-V diagram at different temperatures 
have been published in the past.
In 1956, Rausch et al[Rau56] first reported isothermal sections of the Ti rich corner 
between 873K and 1473K using optical microscopy(OM) and covering 26 alloys 
containing 1-22 wt% Al and 2-11 wt% V. Jordan and Duwez [Jor56] established two 
complete isothermal sections at 1255K and 1033K using X-ray diffractometry (XRD). 
All these isothermal sections showed a / ( a + p ) ,  p / ( a + p )  boundaries but there was no 
indication of the presence of a2 (T13AI) in any of the isothermal sections, partly due 
to the limitation of the investigation techniques, and partly because both works were 
based on the then accepted Ti-Al diagram which did not show the presence of the 
a2 phase.
In 1960, Kubaschewski [Kub60] presented a complete isothermal section of furnace 
cooled alloys using a calorimeter together with X-ray diffraction and metallographic 
techniques. This isothermal section did not give any information about the 
equilibrium conditions at a specific elevated temperature, although it was assumed 
that the isothermal temperature was between 773K and 873K. However, the 
presented phase diagram showed a good agreement with that of the previous work 
at 1033 K by Jordan and Duwez [jor56]. The only difference was the inclusion of 
Ti3Al in this isothermal section.
In 1961, Farrar and Margolin [Far61] established eight isothermal sections of the 
titanium rich corner at temperatures between 873 K to 1673 K, covering alloys 
containing l-38wt%Al and l-32wt%V, by using X-ray and metallographic techniques.
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T h e  p r e s e n c e  o f  t w o  p h a s e s  d e s i g n a t e d  as  Y ( T i 3A l )  a n d  6 (Ti2A l )  in this t e r n a r y  p h a s e  
d i a g r a m  w a s  b a s e d  o n  t h e  b i n a r y  T i - A I  p h a s e  d i a g r a m  e s t a b l i s h e d  b y  E n c e  a n d  
M a r g o l i n  [ E n c 6 1 ] .  L a t e r ,  it w a s  p r o p o s e d  b y  T s u j i m o t o  a n d  A d a c h i  [ T s u 6 6 ] t h a t  t h e  
Y ( T i 3A l )  p h a s e  d i d  n o t  e x i s t  a n d  t h a t  t h e  6 (Ti2A l )  p h a s e  s h o u l d  b e  c o r r e c t e d  t o  
a 2(T i3Al). T h e  b o u n d a r i e s  o f  o t h e r  p h a s e s  w e r e  w e l l  e s t a b l i s h e d  d u e  t o  t h e  l a r g e  
n u m b e r  o f  all o y s  e x a m i n e d .  R a m a n  [ R a m 6 6] e s t a b l i s h e d  a  c o m p l e t e  i s o t h e r m a l  
s e c t i o n  a t  1 3 7 3  K  b y  X - r a y  d i f f r a c t o m e t r y .  P h a s e s  s u c h  a s  T i A l 2 , T i ^ A l j j ,  T i g A l 23 
a n d  T i A l 3 a l o n g  w i t h  a 2 a n d  y w e r e  a l s o  i n c l u d e d  in t h e  i s o t h e r m a l  s e c t i o n .  
H o w e v e r ,  o n l y  t h e  T i A l 3 p h a s e  is g e n e r a l l y  a c c e p t e d  in this p a r t  o f  t h e  T i - A l  b i n a r y  
s y s t e m .  T h e  a 2 p h a s e  w a s  s h o w n  t o  h a v e  a  solid solubility o f  V  u p  to  = 8w t % .  T h e  
p o s i t i o n s  o f  t h e  p h a s e  b o u n d a r i e s  w e r e  n o t  c e r t a i n  d u e  t o  t h e  l i m i t e d  n u m b e r  o f  
a l l o y s  s t u d i e d .
K o r n i l o v  e t  al [ K o r 6 5 , 6 6 , 7 1 ]  i n v e s t i g a t e d  T i - A l - V  i s o t h e r m a l  s e c t i o n s  a t  1 3 7 3 K ,  
1 0 7 3 K  a n d  8 2 3 K  w i t h  all o y s  c o n t a i n i n g  u p  to  4 5 w t % A l  a n d  u p  t o  5 4 w t % V  u s i n g  
t h e r m a l ,  o p t i c a l  m i c r o s c o p y  a n d  X - r a y  d i f f r a c t i o n  m e t h o d s  t o g e t h e r  w i t h  h a r d n e s s  
a n d  e l e c t r i c a l  resistivity m e a s u r e m e n t s .  A l l  i s o t h e r m a l  s e c t i o n s  s h o w  p h a s e s  like 
a ,  a 2 a n d  y  o n  t h e  T i - A l  side. T h e s e  p h a s e s  a r e  r e c o g n i s e d  in t h e  p r e s e n t  T i - A l  p h a s e  
d i a g r a m  ( F i g u r e  3.3.4). T h e  i s o t h e r m a l  s e c t i o n  a t  1 0 7 3 K  s h o w s  l a r g e  t h r e e  p h a s e  
a + o c 2 + P  a n d  a 2+ p + y  r e g i o n s  t h a t  e x t e n d  t o  = 4 0  a n d  = 5 0  w t %  V  r e s p e c t i v e l y .  T h e  y 
p h a s e  in t h e  t h r e e  p h a s e  r e g i o n ,  a c c o r d i n g  t o  K o r n i l o v  e t  al [ K o r 6 5 , 6 6 , 7 1 ] ,  c o n t a i n s  
m o r e  V  t h a n  t h e  a 2 p h a s e .  A n o t h e r  i m p o r t a n t  f e a t u r e  o f  t h e  K o r n i l o v  d i a g r a m s  is 
t h e  e q u i l i b r i u m  c o e x i s t e n c e  o f  Y ( T i A l ) + S ( A l g V 5), i.e. t h e  e x i s t e n c e  o f  y + $  a n d  | 3 + y + $  
p h a s e  r e g i o n s .
T s u j i m o t o  [ T s u 6 9 ]  s t u d i e d  alloys in t h e  T i  r i c h  c o r n e r  c o n t a i n i n g  4 - 1 4 w t % A l  a n d  2 - 8  
w t %  V  u s i n g  o p t i c a l  m i c r o s c o p y  a f t e r  l o n g  p e r i o d  a n n e a l i n g  in t h e  t e m p e r a t u r e  r a n g e  
8 7 3 K - 1 3 7 3 K .  T h e  alloys e x a m i n e d  w e r e  c o o l e d  v e r y  s l o w l y  f r o m  h i g h e r  t e m p e r a t u r e  
t o  t h e  e q u i l i b r a t i o n  t e m p e r a t u r e s .  T h e  e s t a b l i s h e d  i s o t h e r m a l  s e c t i o n s  a r e  s h o w n  in 
F i g u r e  3.6.1. T h e  t h r e e  p h a s e  r e g i o n  ( a + a 2+ p )  is s h o w n  in all i s o t h e r m a l  s e c t i o n s  a n d  
t h e  s i z e  o f  t h e  a + a 2 + p  tie t r i a n g l e  i n c r e a s e s  w i t h  d e c r e a s i n g  t e m p e r a t u r e  a n d  t h e  
t e r m i n a l  c o m p o s i t i o n  o f  (3 m o v e s  t o  h i g h e r  V  c o n t e n t .  A l l  o t h e r  p h a s e  r e g i o n s  a r e  
t h e  s a m e  a s  o b s e r v e d  b y  K o r n i l o v  a n d  V o l k o v a  [ K o r 6 6 ]. H o w e v e r ,  a t  1 0 7 3 K  t h e  t h r e e
72
Chapter 3 Thermodynamic Assessment o f  T i-A l-V  System
phase region is evidently smaller than that in the previous work and the Al content 
of (a+|3)/(a+a2+P) phase boundary decreases with an increase in V content, whereas 
in the previous work it increases with an increase in V.
Figure 3.6.1 The Ti rich corner of Ti-Al-V isotherms after Tsujimoto[Tsu69] at (A) 
1373K, (B) 1273K, (C) 1173K, (D) 1073K, (E) 973K and (F) 873K. Symbol 
representations: □ single phase, o two phase, and a  three phase.
T i T i
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T s u j i m o t o  w a s  a l s o  a b l e  t o  d i f f e r e n t i a t e  a a n d  a 2 b y  u s i n g  t h e  f a c t  t h a t  a 2 
p r e c i p i t a t e s  f r o m  A l  r i c h  a a t  l o w e r  t e m p e r a t u r e  w h i l e  n o  p h a s e  c a n  p r e c i p i t a t e  
f r o m  t h e  a 2 p h a s e .  H e  n o t i c e d  a  d i f f e r e n c e  in m i c r o s t r u c t u r e s  o f  allo y s  in t h e  
c t + a 2 + p  t h r e e  p h a s e  r e g i o n  c o o l e d  f r o m  h i g h e r  t e m p e r a t u r e  a 2 + p  a n d  a + p  fields, b u t  
d i d  n o t  r e l a t e  it t o  t h e  d i s o r d e r / o r d e r  t r a n s f o r m a t i o n  in t h e  a p h a s e .
In 1 9 6 9 ,  C r o s s l e y  [ C r o 6 9 ]  s t u d i e d  t h e  e f f e c t  o f  V  o n  t h e  a / ( a + a 2 ) p h a s e  b o u n d a r y  in 
t h e  T i - A I  b a s e  allo y s  u s i n g  o p t i c a l  m i c r o s c o p y .  It w a s  o b s e r v e d  t h a t  a t  1 0 7 3 K  t h e  
s o l ubility o f  A l  in a d e c r e a s e d  a t  a  r a t e  o f  0 . 3 a t %  p e r  0 . 1 a t %  o f  V  a d d i t i o n  a n d  t h e  
solubility o f  V  in a  a t  9 7 3 K  w a s  2 .5 a t % .  It w a s  also o b s e r v e d  t h a t  g r a i n  b o u n d a r y  
p r e c i p i t a t i o n  o f  a 2 w a s  s u p p r e s s e d  b y  t h e  t e r n a r y  a d d i t i o n  o f  V .  In T i - A l - V  alloys 
c o n t a i n i n g  1 0 a t %  A l  a n n e a l e d  a t  9 7 3 K ,  n o  a 2 p h a s e  w a s  o b s e r v e d .  T h i s  f a i l u r e  to  
o b s e r v e  a n y  i n d i c a t i o n  o f  t h e  p r e s e n c e  o f  a 2 w a s  e x p l a i n e d  b y  t h e  f a c t  t h a t  t h e  a 2 
p r e c i p i t a t i o n  r e a c t i o n  is v e r y  s l u g g i s h  a t  9 7 3 K .
In 1 9 8 5 ,  H a s h i m o t o ,  D o i  a n d  T s u j i m o t o  [ H a s 8 6 ] r e - e x a m i n e d  t h e  T i - A l - V  d i a g r a m  a n d  
e s t a b l i s h e d  t w o  c o m p l e t e  i s o t h e r m a l  s e c t i o n s  a t  1 0 7 3 K  a n d  1 2 7 3 K  u s i n g  s c a n n i n g  
e l e c t r o n  m i c r o s c o p y  ( S E M ) ,  X - r a y  d i f f r a c t o m e t r y  a n d  e n e r g y  d i s p e r s i v e  X - r a y  
a n a l y s i s  ( E D X )  in t h e  s c a n n i n g  e l e c t r o n  m i c r o s c o p e .  T h e  a n n e a l i n g  t i m e s  u s e d  w e r e ,  
o n e  f o r  6 9 1 k s  a t  1 2 7 3  K  a n d  t h e n  q u e n c h e d  int o  w a t e r  a n d  t h e  o t h e r  f o r  8 6 . 4  k s  at  
1 2 7 3  K  f o l l o w e d  b y  h o l d i n g  f o r  2 . 6 8  M s  a t  1 0 7 3  K  a n d  t h e n  q u e n c h e d  i n t o  w a t e r .  T h e  
b u l k  s p e c i m e n s  w e r e  u s e d  f o r  X - r a y  d i f f r a c t i o n .  In t h e  e l e c t r o n  p r o b e  m i c r o a n a l y s i s  
( E P M A )  in t h e  S E M ,  p h a s e s  l a r g e r  t h a n  5 p m  w e r e  s e l e c t e d  f o r  a n a l y s i s  b u t  s o m e  o f  
t h e  m i c r o g r a p h s  s h o w e d  p h a s e s  less t h a n  3 p m  in size. T h e  r e - e s t a b l i s h e d  i s o t h e r m a l  
s e c t i o n s  a r e  g i v e n  in F i g u r e  3.6.2. B o t h  i s o t h e r m a l  s e c t i o n s  s h o w  f o u r  t h r e e  p h a s e  
r e g i o n s .  T h e  s i z e  o f  t h e  a + c d 2 +(3 tie t r i a n g l e  i n c r e a s e s  w i t h  d e c r e a s i n g  t e m p e r a t u r e ,  
w h i c h  w a s  also o b s e r v e d  in p r e v i o u s  s t u d i e s  [ K o r 6 6 , T s u 6 9 ] .  B y  c o m p a r i n g  t h e  s i z e  
o f  t h e  a + a 2 + P  tie t r i a n g l e  w i t h  t h e  p r e v i o u s  results o f  T s u j i m o t o  [ T s u 6 9 ]  a t  1 0 7 3  K  
( F i g u r e  3.6.1), t h e r e  is a  d e c r e a s e  in t h e  s i z e  o f  this triangle, in t h e  r e - e x a m i n e d  
w o r k .  T h e  (a+(3)/|3 b o u n d a r y  w a s  n o t  d e t e r m i n e d  in this w o r k  a n d  is i n d i c a t e d  b y  a  
d o t t e d  line in F i g u r e  3.6.2. T h e  s i z e  o f  t h e  a 2+|3+Y tie t r i a n g l e  i n c r e a s e s  w i t h  
i n c r e a s i n g  t e m p e r a t u r e  w h i c h  is o p p o s i t e  t o  K o r n i l o v ’s s t u d y  [ K o r 6 6 ]. H o w e v e r ,  t h e  
V - r i c h  c o r n e r  o f  this t r i a n g l e  a d v a n c e d  3 w t %  t o w a r d s  t h e  T i - V  b i n a r y  s i d e  w i t h
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d e c r e a s i n g  t e m p e r a t u r e  f r o m  1 2 7 3 K  t o  1 0 7 3 K .  T h e r e  is als o  a  d e c r e a s e  in t h e  s i z e  
o f  t h e  y + p + £ ( A l 3M )  tie t r i a n g l e  w i t h  t e m p e r a t u r e .  T h e  Y + S ( A l g V 5 )+(3 a n d  t h e  y + 6  
r e g i o n s  o b s e r v e d  b y  K o r n i l o v  a n d  V o l k o v a [ K o r 6 6 ] d o  n o t  e x i s t  a c c o r d i n g  t o  this 
i n v e s t i g a t i o n ,  a n d  t h e  y + ( 3 + £  exi s t s  i n s t e a d  in t h e  t w o  i s o t h e r m a l  s e c t i o n s .
F i g u r e  3 . 6 . 2  I s o t h e r m a l  s e c t i o n s  o f  T i - A l - V  s y s t e m  e s t a b l i s h e d  b y  H a s h i m o t o  e t  
a l [ H a s 8 6 ] a t  (A) 1 2 7 3 K  a n d  (B) 1 0 7 3 K .
V  V
Ti C ontent/m ass*/•
(A)
60 40 20 Al
Ti C ontent/m ass*/.
(B)
M a e d a [ M a e 8 8 ] i n v e s t i g a t e d  t h e  T i  r i c h  c o r n e r  o f  T i - A l - V  t e r n a r y  d i a g r a m  a t  
t e m p e r a t u r e s  1 1 7 3  K ,  1 0 7 3 K ,  9 7 3  K  a n d  8 7 3  K  c o v e r i n g  m a i n l y  (3 a n d  a + | 3  b a s e d  
a l l o y s  c o n t a i n i n g  0 - 1 4  w t %  A l  a n d  6 - 2 3  w t %  V  b y  u s i n g  o p t i c a l  m i c r o s c o p y ,  S E M ,  
T E M ,  S E M - E D X  a n d  T E M - E D X .  T h e  i s o t h e r m a l  s e c t i o n s  a r e  g i v e n  in F i g u r e  3.6.3. 
T h e  a r e a  o f  t h e  t h r e e  p h a s e  ( a + a 2+|3) r e g i o n  i n c r e a s e s  w i t h  d e c r e a s i n g  t e m p e r a t u r e  
a s  in t h e  p r e v i o u s  s t u d i e s  ( F i g u r e s  3.6.1 a n d  3.6.2) [ T s u 6 9 ,  H a s 8 6 ].
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Figure 3.6.3 Ti rich corner of Ti-Al-V isothermal sections after Meada[Mea88] at 
(A) 1173K, (B) 1073K, (C) 973K and (D) 873K.
All isothermal sections of [Mae88] can be compared with the previous studies. At 
1173K, Tsujimoto's[Tsu69] three phase (a+a2+(l) region is larger than Maeda’s 
(a+a2+(3) region. Meada's tie line between a and a2 of the a+a2+P tie triangle is 
nearly parallel to the Ti-Al edge, while a2 was reported to have a larger V solubility 
than a in Tsujimoto et al’s investigation[Tsuj69]. Meada attributed this discrepancy 
to the fact that Tsujimoto used optical microscopy as a tool of investigation and an 
error of a few percent could easily be introduced[Mea88]. At lower temperatures e.g. 
873K the disagreement could also be due to shorter equilibration times (2.59Ms) used 
by Tsujimoto [Tsu69].
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C o m p a r i n g  t h e  t h r e e  p h a s e  ( a + a 2+ p )  r e g i o n  in i s o t h e r m a l  s e c t i o n s  a t  1 0 7 3  K  
e s t a b l i s h e d  b y  H a s h i m o t o  e t  a l [ H a s 8 6 ] a n d  K o r n i l o v  a n d  V o l k o v a [ K o r 6 6 ] w i t h  t h a t  o f  
M a e d a ,  it b e c o m e s  c l e a r  t h a t  in K o r n i l o v  e t  al's w o r k  t h e  p  t e r m i n a l  c o m p o s i t i o n s  
h a v e  t h e  h i g h e s t  V  c o n t e n t s .  T h e  r e a s o n  c o u l d  b e  s h o r t  e q u i l i b r a t i o n  t i m e  ( 0 . 9 0 - 1 . 0 8  
M s )  a n d  o p t i c a l  m i c r o s c o p y  u s e d  b y  K o r n i l o v .  In t h e  w o r k  o f  H a s h i m o t o  e t  al, t h e  
t h r e e  p h a s e  ( a + a 2+ p )  r e g i o n  is v e r y  s m a l l  w h i c h  l e a d s  t o  s m a l l  c t + p  a n d  a 2 + p  p h a s e  
fields. M a e d a  n o t i c e d  t h a t  it is difficult t o  a n a l y z e  d i s o r d e r e d  a  a n d  o r d e r e d  a 2 
s e p a r a t e l y  b y  S E M - E D X  b e c a u s e  a 2 o r d e r i n g  t a k e s  p l a c e  o n  a  m i c r o s c o p i c  scale. 
T h e  s p a t i a l  r e s o l u t i o n  o f  S E M - E D X  is a b o u t  3 j ± m  a n d  if t h e  p a r t i c l e  s i z e  is < < 1 0 p m  
t h e n  T E M  is t h e  b e s t  m e t h o d  t o  d e t e r m i n e  p h a s e  b o u n d a r i e s .
A h m e d  a n d  F l o w e r  e x t e n d e d  M a e d a ' s  i n v e s t i g a t i o n  a n d  c o m p l e t e d  i s o t h e r m a l  
s e c t i o n s  a t  8 7 3 K ,  9 7 3 K ,  1 0 7 3 K  a n d  1 1 7 3 K [ A h m 9 2 , 9 4 ] .  A  c o m p l e t e  i s o t h e r m a l  s e c t i o n  
a t  1 4 7 3 K  w a s  als o  e s t a b l i s h e d  b y  t h e s e  i n v e s t i g a t o r s .  T h e  t e c h n i q u e s  u s e d  w e r e  t h e  
s a m e  a s  M < a e d a ' s [ M e a 8 8 , A h m 9 2 , 9 4 ] .  T h r e e  o f  t h e  i s o t h e r m a l  s e c t i o n s  r e p o r t e d  b y  
[ A h m 9 2 ]  a r e  s h o w n  in F i g u r e s  3 . 6 . 4 A - C .  T h e  a 2 + P  p h a s e  field a t  1 1 7 3 K  is s m a l l e r  
t h a n  t h a t  p r o p o s e d  b y  T s u j i m o t o [ T s u 6 9 ]  b u t  v e r y  c l o s e  t o  M e a d a ' s  r e s u l t [ M a c 8 8 ]. 
A h m e d  a n d  F l o w e r  a t t r i b u t e d  this t o  t h e  l a r g e  e r r o r  in t h e  q u a l i t a t i v e  o p t i c a l  
m i c r o s c o p y  t e c h n i q u e  u s e d  b y  T s u j i m o t o [ A h m 9 1 , 9 2 , 9 4 ] .  T h e  a r e a  o f  t h e  a 2+ p + y  
r e g i o n  in K o r n i l o v  e t  al's w o r k  is m u c h  larger, w h e r e a s  in H a s h i m o t o ' s  i s o t h e r m a l  
s e c t i o n s  it is s lightly s m a l l e r  t h a n  in A h m e d  a n d  F l o w e r ’s. T h e  b i g  d i f f e r e n c e  in t h e  
e x t e n t  o f  t h e  a 2+ p + y  p h a s e  field in K o r n i l o v  e t  al's w o r k  c o u l d  b e  d u e  t o  t h e  s h o r t e r  
e q u i l i b r a t i o n  t i m e  ( 0 . 9 - 1 . 0 8 M s  a s  c o m p a r e d  t o  2 . 4 2 M s  in [ A h m 9 1 , 9 2 , 9 4 ] )  a n d  t h e  
d i f f e r e n c e  in t e c h n i q u e s  u s e d .  T h e  s m a l l e r  a r e a  o f  t h e  tie t r i a n g l e  in H a s h i m o t o  e t  
al's w o r k  m a y  b e  d u e  to  t h e  l i m i t a t i o n  o f  t h e  s p a t i a l  r e s o l u t i o n  o f  t h e  S E M - E D X  
t e c h n i q u e  t h a t  t h e y  u s e d  to  a n a l y z e  s m a l l  p a r t i c l e s  o f  t h e  P  p h a s e [ A h m 9 2 ) .  
H a s h i m o t o  e t  al's y  field a t  1 0 7 3 K  is l a r g e r  t h a n  A h m e d  a n d  F l o w e r ' s .  H a s h i m o t o  
e t  al's p  p h a s e  b o u n d a r y  o f  t h e  y + p  p h a s e  field is a t  a  l o w e r  a l u m i n i u m  c o n t e n t  t h a n  
A h m e d  a n d  F l o w e r ' s .  A h m e d  a n d  F l o w e r  b e l i e v e  t h a t  t h e  d i f f e r e n c e  is d u e  to  t h e  
l o w e r  h o m o g e n i z a t i o n  t e m p e r a t u r e  ( 1 2 7 3 K  in [ H a s 8 5 ]  c o m p a r e d  t o  1 4 7 3  in 
[ A h m 9 1 , 9 2 ] )  u s e d  b y  H a s h i m o t o  e t  al p r i o r  t o  e q u i l i b r a t i o n  a t  1 0 7 3 K  a n d  h e n c e  t h e  
P  p h a s e  in H a s h i m o t o  e t  al's w o r k  m i g h t  h a v e  n o t  b e e n  fully h o m o g e n i z e d [ A h m 9 2 ] ,
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Figure 3.6.4 Isothermal sections of Ti-Al-V system after Ahmed and 
Flower[Ahm92,94]: (A) 1473K, (B) 1I73K, (C) 973K, and (D) shows the change of tie
triangles with temperature.
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F i g u r e  3 . 6 . 5  E f f e c t  o f  o x y g e n  o n  t h e  tie t r i a n g l e  o f  a 2+ P + y  a t ( A )  1 1 7 3 K  a n d  (B) 
1 0 7 3 K [ A h m 9 1 ] .
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F i g u r e  3 . 6 . 6  I s o t h e r m a l  s e c t i o n  a t  1 1 7 3 K  (A )  a n d  liquidus p r o j e c t i o n  (B) o f  T i - A l - V  
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The Y+AI3M+P three phase region reported by Hashimoto et al[Has85] was confirmed 
by Ahmed and Flower in the temperature range of 873-1173K[Ahm91,92,94]. 
However, at temperatures over 1273K, Ahmed and Flower[Ahm94j observed the 
Y+6 (AlgV5)+£(Al3M) three phase region as reported by Kornilov et al[Kor66]. There 
is a sharp horn of the a phase field piercing into the higher V content ( = 15wt%V) at 
1473K and a instead of a2 *s present at high temperatures according to 
[Ahm91,92,94]. Figure 3.6.4 shows the isothermal sections at 1473K(A), 1173K(B), 
973K(C) and the change of tie triangles near the Al-V edge with temperature(D). It 
has been shown in [Ahm94] that the constituents of phases in the region near the Al- 
V edge will change when temperature is over 1273K. When temperature is over 
1273K, the (P+AI3M) binary region will be replaced by the Y+AlgV5(6 ) region. The 
effect of oxygen content on the phase boundaries related to the a or a2 phase was 
also investigated in [Ahm91,92] at 1473K. It was shown that oxygen tends to stabilise 
the a or a2 phase into higher V field[Ahm92] and therefore affects phase boundaries 
of regions containing a or a2, although the effect of oxygen on other phase 
boundaries is relatively limited[Ahm92]. In Ahmed and Flower's work [Ahm91,92], 
all alloys were solution treated at 1473K under an argon atmosphere and the oxygen 
level was generally in the range of 350-2000wppm[Ahm91,92,94]. The oxygen level 
for the determination of boundaries of regions containing a or a2 of the isothermal 
sections reported in [Ahm92,94] was generally limited below 1200wppm. The effect 
of oxygen on the phase boundaries containing a or a2 phase is shown in Figure 
3.6.5[Ahm91].
Paruchuri and Massalski published an isothermal section of the Ti-Al-V system at 
1173K together with a liquidus projection using SEM/EDX and DTA techniques 
[Par91], as shown in Figure 3.6.6. Their isothermal section has generally the same 
feature as [Has86], although the a2+p+y tie triangle shows that y is slightly richer 
in V than a2. As to the liquidus projection, it is clear that there is a big 
disagreement at the Al-V edge from the currently accepted binary diagram 
concerning the p/AlgV5 boundary. It should be pointed out that Ahmed and Flower 
showed that the p phase around the a2+p+y phase field is in fact ordered [Ahm94].
Among all the work done on the Ti-Al-V ternary system so far, six studies [Kor66,
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T s u 6 9 ,  H a s 8 6 , M a e 8 8 , A h m 9 1 , 9 2 ,  P a r 9 1 ]  w e r e  b a s e d  o n  a c c e p t a b l e  b i n a r y  p h a s e  
d i a g r a m s  a n d  s h o w e d  r e g i o n s  f o r  p h a s e s  t h a t  a r e  n o w  g e n e r a l l y  a c c e p t e d .  T h e r e  a r e  
d i f f e r e n c e s  in t h e  e x t e n t  o f  a 2+ P> a 2+ Y> a 2+ p + y  a n d  y + P  p h a s e  fields in t h e s e  
s t u d i e s  ( F i g u r e s  3 . 6 . 1 - 3 .6 .6 ). T h e  w o r k s  b y  H a s h i m o t o  e t  al, P a r u c h u r i  e t  al, M .  da, 
a n d  b y  A h m e d  a n d  F l o w e r  [ H a s 8 6 , M a e 8 8 , A h m 9 2 ,  94, P a r 9 1 ]  g i v e  m o r e  r e l i a b l e  
p h a s e  b o u n d a r i e s  d u e  t o  u s e  o f  m o d e r n  t e c h n i q u e s  a n d  l o n g e r  e q u i l i b r a t i o n  t i m e s .  In 
all t h e s e  p r e v i o u s  s t u d i e s  e x c e p t  M a e d a  a n d  A h m e d  a n d  F l o w e r ,  t h e  a u t h o r s  d i d  n o t  
m e n t i o n  t h e  i m p u r i t y  levels o f  t h e i r  alloys. S i n c e  M  . d a [ M  8 8 ] a n d  A h m e d  a n d  
F l o w e r [ A h m 9 1 , 9 2 ]  l i m i t e d  t h e i r  o x y g e n  c o n t e n t  b e l o w  0 . 0 9 - 0 . 1 4  w t %  a n d  T E M - E D X  
w a s  e m p l o y e d  in t h e s e  s t u d i e s  to  a l l o w  b e t t e r  s p a t i a l  r e s o l u t i o n ,  t h e i r  w o r k  h a s  b e e n  
h i g h l y  w e i g h t e d  f o r  t h e  o p t i m i s a t i o n  o f  t h e  T i - A l - V  t h e r m o d y n a m i c  d a t a b a s e  in this 
w o r k  c o n c e r n i n g  p h a s e  r e g i o n s  w h i c h  c o n t a i n  a a n d ( o r )  ct2 p h ase(s).
3 . 6 . 2  C a l c u l a t i o n  o f  T i - A l - V  p h a s e  d i a g r a m s  b a s e d  o n  t h e  d i s o r d e r e d  [3 m o d e l
A s  a  first a p p r o x i m a t i o n ,  t h e  t h e r m o d y n a m i c  a s s e s s m e n t  o f  t h e  t e r n a r y  s y s t e m  w a s  
b a s e d  o n  t h e  e x t e n s i o n  o f  t h e  b i n a r y  s y s t e m s  in w h i c h  t h e  [3 p h a s e  w a s  m o d e l l e d  as  
a  d i s o r d e r e d  s o l u t i o n  p h a s e  s i n c e  t h e r e  is n o t  e q u i l i b r i u m  o r d e r i n g  in t h e s e  b i n a r y  
s y s t e m s .  A s  t h e  p - B 2  o r d e r i n g  h a s  g e n e r a l l y  b e e n  c o n s i d e r e d  a s  a  s e c o n d  o r d e r  
t r a n s f o r m a t i o n ,  t h e  G i b b s  e n e r g y  o f  t h e  p a r e n t  h i g h  t e m p e r a t u r e  (3 p h a s e  s h o u l d  b e  
t h e  s a m e  a t  t e m p e r a t u r e s  o v e r  T c , t h e  critical t e m p e r a t u r e  w h e r e  o r d e r i n g  is 
c o m p l e t e d .  T h e r e f o r e ,  s u c h  a  t h e r m o d y n a m i c  a s s e s s m e n t  o f  t h e  t e r n a r y  s y s t e m  
b a s e d  o n  a  p  s o l u t i o n  m o d e l  m u s t  s a t i s f y  t h e  h i g h e r  t e m p e r a t u r e  t h e r m o d y n a m i c s  
o f  t h e  s y s t e m .  T a k i n g  t h e  (3 p h a s e  a s  a  r e f e r e n c e  s t a t e  will t h e n  a c t  a s  a  w o r k i n g  
b a s i s  f o r  t h e  m o d e l l i n g  o f  t h e  (3 p h a s e  o r d e r i n g  a t  l o w e r  t e m p e r a t u r e s .
T h e  c a l c u l a t e d  i s o t h e r m a l  s e c t i o n s  a t  1 4 7 3 K ,  1 1 7 3 K ,  1 0 7 3 K ,  9 7 3 K  a n d  8 7 3 K  a r e  
s h o w n  in F i g u r e s  3.6 . 7  t o  3.6 . 1 1  w i t h  e x p e r i m e n t a l l y  d e t e r m i n e d  p h a s e  b o u n d a r i e s  
a n d  tie lines s u p e r i m p o s e d .  T h e  g e n e r a l  a g r e e m e n t  w i t h  t h e  e x p e r i m e n t a l  d a t a  is 
q u i t e  g o o d ,  e s p e c i a l l y  t h e  p h a s e  b o u n d a r y  d a t a .  T h e  T i - r i c h  c o r n e r  o f  t h e  c a l c u l a t e d  
i s o t h e r m a l  s e c t i o n s  a r e  in e x c e l l e n t  a g r e e m e n t  w i t h  M e a d a ' s  e x p e r i m e n t a l  d a t a .  A s  
s t a t e d  p r e v i o u s l y ,  M e a d a ' s  d a t a  a r e  c o n s i d e r e d  m o r e  r e l i a b l e  in t h e  T i - r i c h  c o r n e r  
d u e  t o  t h e  a c c u r a c y  o f  a n a l y t i c a l  e l e c t r o n  m i c r o s c o p y ( A E M )  t e c h n i q u e  u s e d .  It is 
a p p a r e n t  t h a t  p h a s e  r e g i o n s  s u c h  a s  a,  a + « 2 > a + a 2+ P ’ a 2+ P ’ a 2+ Y> ct2+ P + Y  a n d  Y  +  P
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r e g i o n s  all e x t e n d  t o  t h e  V - r i c h  s i d e  w i t h  d e c r e a s i n g  t e m p e r a t u r e ,  in a g r e e m e n t  w i t h  
e x p e r i m e n t a l  f i n d i n g s [ T s u 6 9 ,  A h m 9 4 ,  M * £ 8 8 , K o r 6 8 , P a r 9 I ,  H a s 8 6 ]. A n o t h e r  
i n t e r e s t i n g  f e a t u r e  is t h a t  t h e  c h a n g e  o f  p h a s e  r e g i o n s  c l o s e  t o  t h e  A l - V  e d g e  a r e  
in a g r e e m e n t  w i t h  [ A h m 9 4 ] .  T h e  y + M A l g V ^ )  r e g i o n  p r o p o s e d  b y  K o r n i l o v  e t  al 
[ K o r 6 8 ] b e c o m e s  s t a b l e  a t  t e m p e r a t u r e  o v e r  1 2 7 3 K ,  a n d  y c a n  n o t  b e  in e q u i l i b r i u m  
w i t h  b b e l o w  1 2 7 3 K .
F i g u r e  3 . 6 . 7  C a l c u l a t e d  T i - A l - V  i s o t h e r m a l  s e c t i o n  a t  1 4 7 3 K .
0  9 1 A h m  
□  single p h a s e  
#  t w o  p h a s e  
A  three p h a s e
2 0  4 0  6 0  8 0  
W E IG H T  P E R C E N T  V
1 0 0
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F i g u r e  3 . 6 . 8  C a l c u l a t e d  T i - A l - V  i s o t h e r m a l  s e c t i o n  a t  1 1 7 3 K .
0  8 8 Mea 
<i>91Ahm 
□ single phase 
$  two phase 
A three phase 
4 ,8 6 Has
100
WEIGHT PERCENT V
F i g u r e  3 . 6 . 9  C a l c u l a t e d  T i - A l - V  i s o t h e r m a l  s e c t i o n  a t  1 0 7 3 K .
0  8 8 Mea 
<j>91Ahm 
□ single phase 
$  two phase 
A three phase
4U 60 80
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F i g u r e  3 . 6 . 1 0  C a l c u l a t e d  T i - A l - V  i s o t h e r m a l  s e c t i o n  a t  9 7 3 K
100
g iV  0  88Mea 
^ Q I A h m  
□ single phase 
A three phase
20 40 60 80
WEIGHT PERCENT V
100
F i g u r e  3 . 6 . 1 1  C a l c u l a t e d  T i - A l - V  i s o t h e r m a l  s e c t i o n  a t  8 7 3 K .
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F i g u r e  3 .6 .1 2  C a l c u l a t e d  T i - A l - V  l iquidus p r o j e c t i o n .
0
T h e  c a l c u l a t e d  l iquidus p r o j e c t i o n  is s h o w n  in F i g u r e  3 . 6 . 1 2  w h i c h  is in g e n e r a l  
a g r e e m e n t  w i t h  [ P a r 9 1 ]  e x c e p t  f o r  t h e  p / A l g V g  b o u n d a r y  a t  t h e  A l - V  e d g e .  T h e  
e x p e r i m e n t a l  r e s u l t  b y  P a r u c h u r i  e t  a l [ P a r 9 1 ]  n e a r  t h e  A l - V  e d g e  w a s  q u e s t i o n a b l e  
s i n c e  it d i s a g r e e s  w i t h  t h e  a c c e p t e d  A l - V  b i n a r y  p h a s e  d i a g r a m  [ B i P 8 6 ]. T h e  p r e s e n t  
a s s e s s m e n t  s h o w s  t h a t  t h e  i s o t h e r m a l  s e c t i o n s  r e p o r t e d  b y  A h m e d  a n d  F l o w e r  
[ A h m 9 4 ]  a n d  t h e  l iquidus p r o j e c t i o n  b y  P a r u c h u r i  e t  a l [ P a r 9 1 ]  c a n  b e  i n c o r p o r a t e d  
in a  s i n g l e  t h e r m o d y n a m i c  d a t a b a s e .
H o w e v e r ,  w h i l e  t h e  d a t a b a s e  c a n  s a t i s f y  v e r y  w e l l  b o t h  t h e  T i - r i c h  c o r n e r  a n d  t h e  
Y+p r e g i o n  a s  w e l l  a s  t h e  r e g i o n  n e a r  t h e  A l - V  e d g e ,  it g i v e s  a ^ + P + Y  t i e - t r i a n g l e s  
w h i c h  s h o w  h i g h e r  V  c o n c e n t r a t i o n s  f o r  t h e  p p h a s e  a t  l o w e r  t e m p e r a t u r e s  ( < 1 1 7 3 K ) .  
It will b e  s h o w n  in t h e  f o l l o w i n g  s e c t i o n  t h a t  this m a y  b e  p a r t l y  d u e  t o  o r d e r i n g  in 
t h e  p p h a s e  w h i c h  will l e a d  to  t h e r m o d y n a m i c a l l y  m u c h  s t r o n g e r  p p h a s e  a t  l o w e r
0 0.1 0.2 0.3 0.4 0.5 0.6
X(UQ,TI)
^.TiAl 91 Par 
* A l 8 V 5  91Par 
AI3M 91 Par 
□  B C C  91 Par 
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temperatures, giving rise to lower V concentration in the (3(in fact B2) phase. 
Another reason may be that the homogenisation times in the studies by [Ahm94] and 
[Has86] were still not long enough due to the sluggish precipitation of the high 
melting temperature ordered phases, a2 and y, at lower temperatures.
3.7 MODELLING OF THE (3-B2 ORDERING
3.7.1 T h e r m o d y n a m i c  d e s c r i p t i o n  f o r  t h e  ( 3 ( A 2 ) - B 2  o r d e r i n g
As reviewed in Section 3.2.3, there are at least three ways to describe the Gibbs 
energy configuration of the (3-B2 ordering transition, the Inden's modified BWG 
model [Ind66,71,75,77], and the Saunders models I [Sau89] and II [Sau94]. Since the 
software available for this study uses the sublattice model for ordered phases, it is 
preferable to use a model of the sublattice format. Mathematically, a model to 
describe the Gibbs energy configuration of a phase which undergoes the second order 
ordering should at least have the following features:
i) the Gibbs energy of the ordered phase and the disordered parent phase should be 
the same when the temperature T is over the ordering temperature Tc, and that the 
ordered phase should have a lower Gibbs energy below Tc;
ii) the description agrees well with available and reliable experimental 
thermodynamic data;
iii) the model can give calculated phase diagrams in good agreement with the 
experimentally determined phase boundaries;
iv) the model can give good predictions of the ordering temperatures and the 
ordering energy, and
v) a minimum number of assumptions are made and hence it is easy to extend the 
model to higher order systems.
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It s h o u l d  b e  n o t e d  t h a t  f o r  a  b i n a r y  s y s t e m ,  t h e  S a u n d e r s  m o d e l  I [ S a u 8 9 ]  is (a) 
m a t h e m a t i c a l l y  e q u i v a l e n t  t o  I n d e n ’s m o d i f i e d  B W G  m o d e l  c o n c e r n i n g  t h e  o r d e r i n g  
c o n t r i b u t i o n  t o  t h e  G i b b s  e n e r g y ,  a n d  (b) e n e r g e t i c a l l y  e q u i v a l e n t  t o  a  R e d l i c h - K i s t e r  
s o l u t i o n  m o d e l  w h e n  e a c h  s u b l a t t i c e  site is r a n d o m l y  o c c u p i e d  b y  d i f f e r e n t  s p e c i e s  
a n d  w h e n  n  in E q n .  (3.2) is ^  2. S i n c e  t h e  R e d l i c h - K i s t e r  m o d e l  f o r  t h e  d i s o r d e r e d  
(3 p h a s e  in t h e  T i - A l  b i n a r y  s y s t e m  a g r e e s  w e l l  w i t h  a v a i l a b l e  e x p e r i m e n t a l  
t h e r m o d y n a m i c  d a t a ,  it c a n  b e  t a k e n  a s  a w o r k i n g  b a s i s  f o r  t h e  G i b b s  e n e r g y  
d e s c r i p t i o n  o f  t h e  o r d e r e d  B 2  p h a s e .  T h e  [ S a u 8 9 ]  b i n a r y  s u b l a t t i c e  m o d e l  f o r  t h e  
s e c o n d  o r d e r  o r d e r i n g  h a s  b e e n  u s e d  a s  t h e  bas i s  o f  t h e  p r e s e n t  m o d e l l i n g .  T h e  
r e s u l t s  will b e  c o m p a r e d  w i t h  t h e  a l t e r n a t i v e  S a u n d e r s  m o d e l  (II) [Sau 9 4 ] .
F o r  t h e  (3-»B2 m o d e l l i n g  o f  a  b i n a r y  s y s t e m ,  m  a n d  p  in E q n .  (3.24) a r e  b o t h  0.5. 
M a k i n g  t h e  s a m e  a s s u m p t i o n s  as  [ S a u 8 9 ]  a n d  c o m p a r i n g  t h e  r e s u l t a n t  o r d e r i n g  e n e r g y  
w i t h  t h a t  g i v e n  b y  [Ind75] f o r  t h e  A 2 ( | 3 ) - B 2  transition, t h e  o r d e r i n g  e n e r g y  p i  g i v e n  
in E q n .  (3.23) c a n  b e  e x p r e s s e d  as:
H ( A : B )  =  p i  =  - H ( A : A , B )  =  0 . 2 5  ( 4 W (1) - 3 W {2) )  (3.26)
a n d  L q  in t h e  R e d l i c h - K i s t e r  (3 m o d e l ,  a s  d e f i n e d  in E q n .  (3.2), is:
L 0 =  L ( A , B ; 0 )  =  4 W (1) +  3 W (2)  (3.27)
T h e  B 2  G i b b s  e n e r g y  c a n  h e n c e  b e  r e l a t e d  t o  t h e  A 2  G i b b s  e n e r g y  b y  E q n s .  (3.24), 
(3.26) a n d  (3.27) f o r  a n y  b i n a r y  s y s t e m .  S i n c e  t h e  B 2  p h a s e  is m e t a s t a b l e  in b o t h  t h e  
T i - A l  a n d  A l - V  s y s t e m s ,  a n d  u n s t a b l e  in t h e  T i - V  s y s t e m  d u e  to  t h e  t e n d e n c y  o f  
l o w e r  t e m p e r a t u r e  b e t a  p h a s e  s e p a r a t i o n  in T i - V ,  b o t h  T c a n d  p i  c a n n o t  b e  
d e t e r m i n e d  d i r e c t l y  in t h e s e  c o n s t i t u e n t  b i n a r y  s y s t e m s .  It is t h e r e f o r e  n e c e s s a r y  
t o  d e r i v e  t h e  p i  v a l u e s  b y  fitting t h e  e x p e r i m e n t a l  d a t a  in t h e  T i - A l - V  t e r n a r y  
s y s t e m  w h e r e  B 2  is a  s t a b l e  p h a s e  in s o m e  t e r n a r y  alloys.
T h e  p r o b l e m  in e x t e n d i n g  t h e  a b o v e  b i n a r y  G i b b s  e n e r g y  c o n f i g u r a t i o n  t o  a  t e r n a r y  
s y s t e m  is h o w  to  d e a l  w i t h  t h e  t e r n a r y  i n t e r a c t i o n  p a r a m e t e r  L({3,Al,Ti,V;0) w h i c h  
p l a y s  a  s i g n i f i c a n t  r o l e  in t h e  T i - A l - V  s y s t e m  a n d  t h u s  c a n n o t  b e  i g n o r e d .  In a  t w o
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s u b l a t t i c e  m o d e l ,  t h e  m o l a r  f r a c t i o n  o f  e l e m e n t  i, xj, is g i v e n  by :
Xj =  m .  y j 1 +  n. y j 11 (3.28)
w h e r e  m  a n d  n  a r e  site f r a c t i o n s  o f  s u b l a t t i c e s  I a n d  II r e s p e c t i v e l y ,  a n d  y j 1 a n d  y ^ 1 
a r e  site o c c u p a n c y  p robabilities. T h e r e f o r e :
(3.29)
S i n c e  f o r  t h e  B 2  p h a s e ,  m = n ,  t h e  a b o v e  e q u a t i o n  g i v e s  t h e  r e l a t i o n s h i p  as:
r a n d o m  m i x i n g  w i t h i n  o n e  s u b l a t t i c e  s i n c e  t h e y  d o  n o t  c o n t a i n  site o c c u p a n t  
p r o b a b i l i t i e s  o f  d i f f e r e n t  s u b l a t t i c e  sites. A s  t h e r e  a r e  n o  s u c h  t e r m s  in t h e  
s u b l a t t i c e  m o d e l ,  it is t h e r e f o r e  a s s u m e d  t h a t  t h e y  c o r r e s p o n d  t o  t h e  e f f e c t  o f  t h e  
t e r m  L ( B 2 ,  A , B , C  : A , B , C ; 0 )  w h i c h  is g e n e r a l l y  negligible. C o m p a r i n g  E q n s .  (3.29) 
a n d  (3.30) gives:
L ( B 2 ,  A , B , C  : A , B , C ; 0 )  =  2  L ( B 2 ,  A , C  : B ; 0 )  =  2 L B2  (3.31)
E q n s .  (3.30) a n d  (3.31) i n d i c a t e  t h a t  t h e r e  is t h e n  o n l y  o n e  u n k n o w n  p a r a m e t e r  L B2 
t o  b e  d e t e r m i n e d  f o r  t h e  s u b l a t t i c e  m o d e l  in o r d e r  t o  a l l o w  G p  =  G B2 o v e r  T c . T h i s  
p a r a m e t e r  c a n  b e  d e t e r m i n e d  b y  fitting t h e  G i b b s  e n e r g y  o f  t h e  B 2  p h a s e  t o  t h a t  o f  
t h e  p  p h a s e  l e t t i n g  m i x i n g  in b o t h  s u b l a t t i c e  sites b e  r a n d o m .  It h a s  b e e n  f o u n d  t h a t  
this p a r a m e t e r  is o n l y  r e l a t e d  to  L ( A 2 ,  A , B , C ; 0 )  a n d  t h a t  t h e  t e r m  L ( B 2 ,  A , B , C  : 
A , B , C ; 0 )  c a n  b e  i g n o r e d  s i n c e  t h e  m u l t i p l e  o f  six e l e m e n t a l  o c c u p a n t  p r o b a b i l i t i e s
L ( B 2 ,  A , C  : B ; 0 )  =  L ( B 2 ,  B  : A , C ; 0 )  =
= L ( B 2 ,  C , B  : A ; 0 )  =  L ( B 2 , A  : C , B ; 0 )  =  
= L ( B 2 , A , B  : C ; 0 )  =  L ( B 2 , C  : A , B ; 0 )  =  L B2 (3.30)
T h e  t e r m s  ( m 3 y A * y B I y ^ 1) a n d  (n3 y A ** y B n  y ^ 11) i n d i c a t e  t h e  c o n t r i b u t i o n  o f  t h e
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f o r  t w o  s u b l a t t i c e  sites is q u i t e  a  s m a l l  n u m b e r .  In p r a c t i c e ,  a s  l o n g  a s  t h e  
p a r a m e t e r  L B2 is d e t e r m i n e d  f o r  o n e  c o m p o s i t i o n  a n y w h e r e  in t h e  t e r n a r y  r e g i o n ,  
this p a r a m e t e r  will a p p l y  a n y w h e r e  in t h e  t e r n a r y  s y s t e m .  T h i s  a l l o w s  t h e  m o d e l l i n g  
o f  B 2  in t h e  t e r n a r y  s y s t e m  b y  just d e t e r m i n i n g  f o u r  p a r a m e t e r s ,  i.e. t h e  t h r e e  
o r d e r i n g  e n e r g i e s  o f  t h e  c o n s t i t u e n t  b i n a r y  s y s t e m s  a n d  o n e  p a r a m e t e r  L B 2 . 
E x p e r i m e n t a l  e v i d e n c e  h a s  s h o w n  t h a t  t h e  P - B 2  o r d e r i n g  c a n  h a p p e n  w h e n  a  s m a l l  
a m o u n t  o f  V  o r  N b  is i n t r o d u c e d  i n t o  t h e  T i - A l  alloy, m e a n i n g  t h a t  t h e  o r d e r i n g  
e n e r g y  a n d  t h e  T c o f  t h e  T i - A l  b i n a r y  s y s t e m  is a l r e a d y  fairly high. O n  t h e  o t h e r  
h a n d ,  m e t a s t a b l e  b e t a  p h a s e  s e p a r a t i o n  h a s  b e e n  c o n f i r m e d  in t h e  T i - V  s y s t e m  
w h i c h  e x c l u d e s  t h e  t e n d e n c y  o f  o r d e r i n g  in t h e  p  p h a s e  o f  t h a t  s y s t e m [ P o r 9 2 ] .  
T h e r e f o r e ,  it is r e a s o n a b l e  t o  a s s u m e  t h a t  t h e  o r d e r i n g  e n e r g y  o f  t h e  T i - V  s y s t e m  
is z e r o ,  m a k i n g  it a  s y s t e m  w i t h o u t  o r d e r i n g  t e n d e n c y .  T h u s ,  t h e r e  a r e  o n l y  t h r e e  
o r d e r i n g  p a r a m e t e r s  left u n d e t e r m i n e d  in t h e  T i - A l - V  s y s t e m ,  i.e t h e  o r d e r i n g  
e n e r g i e s  o f  b o t h  T i - A l  a n d  A l - V  s y s t e m s  a s  w e l l  a s  t h e  L B 2 p a r a m e t e r  f o r  t h e  
t e r n a r y  s y s t e m .  S o m e  e x p e r i m e n t a l  d a t a  is a v a i l a b l e  f o r  t h e  c o m p o s i t i o n s  o f  B 2  
p h a s e  o b s e r v e d  in d i f f e r e n t  i s o t h e r m a l  s e c t i o n s  in t h e  l i t e r a t u r e [ A h m 9 4 ]  a n d  s o m e  
d e t e r m i n e d  b y  t h e  p r e s e n t  w o r k .  T h e s e  p a r a m e t e r s  h a v e  t h e r e f o r e  b e e n  d e t e r m i n e d  
b y  t h e  o p t i m i s a t i o n  p r o c e s s  a c c o r d i n g  t o  t h e  fiv e  crite r i a  listed a t  t h e  b e g i n n i n g  o f  
this s e c t i o n .
F i g u r e  3.7.1 s h o w s  t h e  c a l c u l a t e d  G i b b s  e n e r g i e s  o f  b o t h  t h e  P  a n d  t h e  B 2  p h a s e s  fo r  
t w o  d i f f e r e n t  a l l o y  c o m p o s i t i o n s  in t h e  t e r n a r y  s y s t e m .  It is a p p a r e n t  t h a t  b o t h  
p h a s e s  h a v e  e f f e c t i v e l y  t h e  s a m e  G i b b s  e n e r g y  (slight d i f f e r e n c e s  a r e  d u e  t o  t h e  
a s s u m p t i o n  m a d e  b y  in E q n .  (3.31)). T h i s  e n e r g e t i c  f e a t u r e  o f  t h e  r e l a t i o n s h i p  
b e t w e e n  t h e  d i s o r d e r e d  p a r e n t  p h a s e  a n d  t h e  o r d e r e d  o n e  is c h a r a c t e r i s t i c  o f  t h e  
s e c o n d  o r d e r  o r d e r i n g  p r o c e s s .
3 . 7 . 2  P h a s e  d i a g r a m  c a l c u l a t i o n
F i g u r e s  3 . 7 . 2  a n d  3.7.3 s h o w  t h e  i s o t h e r m a l  s e c t i o n s  a t  1 1 7 3 K  a n d  9 7 3 K  c a l c u l a t e d  
b y  t h e  p r e s e n t  B 2  m o d e l .  T h e  o b s e r v e d  B 2  a n d  p  p h a s e  c o m p o s i t i o n s  a s  w e l l  a s  t h e  
c a l c u l a t e d  p / B 2  b o u n d a r i e s  b y  this w o r k  a n d  b y  S a u n d e r s  II [ S a u 9 4 ]  h a v e  b e e n  
s u p e r i m p o s e d  o n  t h e  d i a g r a m s .  T h e  c a l c u l a t e d  p h a s e  d i a g r a m  a g r e e s  w i t h  
e x p e r i m e n t a l  p h a s e  b o u n d a r i e s  q u i t e  well. C o m p a r i n g  t h e  B 2 + a 2 + y  r e g i o n s
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c a l c u l a t e d  b y  t h e  p r e s e n t  B 2  m o d e l  w i t h  t h o s e  b y  t h e  R e d l i c h - K i s t e r  p  s o l u t i o n  
m o d e l  in S e c t i o n  3.6, it is a p p a r e n t  t h a t  t h e  B 2  p h a s e  c a l c u l a t e d  b y  t h e  o r d e r e d  
m o d e l  c o n t a i n s  less V  t h a n  t h a t  b y  t h e  s o l u t i o n  m o d e l ,  l e a d i n g  t o  p r e d i c t i o n s  t h a t  a r e  
c l o s e r  t o  t h e  e x p e r i m e n t a l l y  d e t e r m i n e d  p h a s e  b o u n d a r i e s .
A n o t h e r  f e a t u r e  o f  t h e  p r e s e n t  B 2  m o d e l  is t h a t  t h e  c a l c u l a t e d  p / B 2  b o u n d a r i e s  
a g r e e  b e t t e r  w i t h  t h e  e x p e r i m e n t a l  w o r k  t h a n  [ S a u 9 4 ] ,  t h o u g h  b o t h  m o d e l s  g i v e  
s i m i l a r  i s o t h e r m a l  s e c t i o n s .  T h e  B 2  p h a s e  is m e t a s t a b l e  n e a r  t h e  A l - V  e d g e  
a c c o r d i n g  t o  t h e  p r e s e n t  m o d e l ,  w h i l e  [ S a u 9 4 ]  p r e d i c t s  s t a b l e  p - * B 2  o r d e r i n g  e v e n  in 
A l - V  w h i c h  is a g a i n s t  t h e  e x p e r i m e n t a l  f i n d i n g s [ A h m 9 4 ] .  T h i s  m a y  p a r t l y  b e  d u e  to  
t h e  r e l a x a t i o n  in t h e  G i b b s  e n e r g y  c o n f i g u r a t i o n s  f o r  t h e  b i n a r y  c o n s t i t u e n t  s y s t e m s  
a s s u m e d  in [ S a u 9 4 ) .  F i g u r e s  3.7.1 t o  3 . 7 . 3  c l e a r l y  s u g g e s t  t h a t  t h e  p r e s e n t  m o d e l  c a n  
s a t i s f y  t h e  f i v e  c r i t e r i a  f o r  o r d e r i n g  m o d e l s  o u t l i n e d  a b o v e  q u i t e  well. It s h o u l d  b e  
p o i n t e d  o u t  t h a t  all t h e s e  m o d e l s  s u c h  a s  t h e  I n d e n  m o d e l ,  t h e  [ S a u 9 4 ]  m o d e l ,  a n d  
t h e  p r e s e n t  B 2  m o d e l  a r e  q u a s i - p h y s i c a l .  T h e  r e a s o n  w h y  s u c h  m o d e l s  c a n  b e  
a c c e p t e d  is t h a t  t h e y  all s a t i s f y  t h e  f i v e  c r i t e r i a  t o  a  d i f f e r e n t  e x t e n t .  T h e  c u r r e n t  
s t a t u s  o f  t h e r m o d y n a m i c s  is t h e r e f o r e  still m o r e  m a t h e m a t i c a l  t h a n  t r u l y  p h y s i c a l  
m o d e l l i n g ,  t h o u g h  all o f  t h e  m o d e l s  h a v e  s o m e  p h y s i c a l  basis.
F i g u r e  3 . 7 . 4  c o m p a r e s  t h e  T c c u r v e s  o n  t h e  5 0 a t % A l  s e c t i o n  c a l c u l a t e d  b y  t h e  
p r e s e n t  w o r k ,  t h e  I n d e n  m o d e l  a n d  t h e  S a u n d e r s  II m o d e l  [ S a u 9 4 ] .  It is s h o w n  t h a t  
all t h r e e  m o d e l s  p r e d i c t  s i m i l a r  T c v a l u e s  n e a r  t h e  A l - T i  e d g e ,  w h i l e  in t h e  r e g i o n  
n e a r  t h e  A l - V  e d g e ,  t h e  p r e s e n t  m o d e l  c l e a r l y  s u g g e s t s  t h a t  B 2  is m e t a s t a b l e  a n d  b y  
c o n t r a s t ,  t h e  o t h e r  t w o  m o d e l s  p r e d i c t  t h a t  B 2  is stab l e ,  c o n t r a r y  t o  e x p e r i m e n t a l  
f i n d i n g s [ A h m 9 4 ] .  It is w o r t h  n o t i n g  t h a t  t h e  p / B 2  b o u n d a r y  p r e d i c t e d  b y  t h e  p r e s e n t  
m o d e l  a g r e e s  v e r y  w e l l  w i t h  t h e  e x p e r i m e n t a l  w o r k  o n  t h e  9 7 3 K  i s o t h e r m a l  s e c t i o n  
( F i g u r e  3.7.3). It is w o r t h  n o t i n g  f r o m  F i g u r e  3.7.4 t h a t  t h e  e f f e c t  o f  t e r n a r y  
a d d i t i o n  o n  T c is m o r e  p r o n o u n c e d  in t h e  p r e s e n t  B 2  m o d e l  t h a n  in b o t h  t h e  I n d e n  
a n d  t h e  [ S a u 9 4 ]  m o d e l s  a n d  t h a t  t h e  [ S a u 9 4 ]  m o d e l  p r e d i c t s  a  ( T c v s  a t % V )  c u r v e  
w h i c h  h a s  o n l y  a  slight p o s i t i v e  d e v i a t i o n  f r o m  t h e  line a r  line b e t w e e n  t h e  T i - A l  a n d  
A l - V  T c c u r v e s .  A  c l o s e r  l o o k  a t  t h e  m o d e l s  r e v e a l s  t h a t  t h e  r e a s o n  w h y  t h e  e f f e c t  
o f  t e r n a r y  a d d i t i o n  o n  t h e  B 2  t r a n s u s  is less p r o n o u n c e d  in b o t h  t h e  I n d e n  a n d  t h e  
[ S a u 9 4 ]  m o d e l s  lies in t h e  f a c t  t h a t  t h e  l a t t e r  t w o  m o d e l s  d o  n o t  c o n t a i n  t h e  s u b ­
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r e g u l a r  i n t e r a c t i o n  p a r a m e t e r s  o f  t h e  c o n s t i t u e n t  b i n a r y  s y s t e m s .  It h a s  b e e n  f o u n d  
n e c e s s a r y  t o  i n c l u d e  t h e s e  s u b - r e g u l a r  i n t e r a c t i o n  p a r a m e t e r s  in b i n a r y  s y s t e m s  o f  
t h e  p r e s e n t  i n t e r e s t  in o r d e r  t o  fit t h e  e x p e r i m e n t a l l y  d e t e r m i n e d  t h e r m o d y n a m i c  
d a t a  o f  t h e s e  b i n a r y  s y s t e m s .  It s h o u l d  b e  p o i n t e d  o u t  t h a t  t h e  r e l i a b l e  
e x p e r i m e n t a l l y  d e t e r m i n e d  t h e r m o d y n a m i c  d a t a  s h o u l d  a l w a y s  b e  h i g h l y  w e i g h t e d  
in t h e  o p t i m i s a t i o n  p r o c e s s  o f  t h e r m o d y n a m i c  m o d e l l i n g ,  s i n c e  s u c h  d a t a  r e p r e s e n t s  
t h e  gist o f  t h e r m o d y n a m i c s .  T h e  r e l a x a t i o n  in t h e  G i b b s  e n e r g y  c o n f i g u r a t i o n  o f  t h e  
b i n a r y  T i - A l  s y s t e m  in t h e  S a u n d e r s  II m o d e l [ S a u 9 4 ]  m a y  i n t r o d u c e  f u r t h e r  e r r o r  in 
t h e  G i b b s  e n e r g y  c o n f i g u r a t i o n s  o f  l o w e r  t e m p e r a t u r e  p h a s e s  s u c h  a s  T i 3 A l  a n d  T i A l  
in o r d e r  t o  fit t h e  e x p e r i m e n t a l l y  d e t e r m i n e d  e q u i l i b r i u m  p h a s e  b o u n d a r i e s .  
C o m p a r i s o n  o f  p r e d i c t i o n s  b y  t h e  p r e s e n t  m o d e l  w i t h  f u r t h e r  e x p e r i m e n t a l  
o b s e r v a t i o n s  will b e  g i v e n  in lat e r  c h a p t e r s .
S i n c e  b o t h  p  a n d  B 2  p h a s e s  h a v e  t h e  s a m e  G i b b s  e n e r g y  o v e r  T c , t h e  liquidus 
p r o j e c t i o n  c a l c u l a t e d  b y  t h e  p r e s e n t  B 2  m o d e l  is t h e  s a m e  a s  t h a t  in f i g u r e  3.6.12. 
T h e  c o m p a r i s o n  o f  v e r t i c a l  s e c t i o n s  w i t h  e x p e r i m e n t a l  d a t a  c a n  b e  s e e n  in F i g u r e s  
3.7.5, 3.7.6 a n d  3.7.7. In F i g u r e s  3.7.5 a n d  3.7.6, it c a n  b e  s e e n  t h a t  t h e  p h a s e  
b o u n d a r i e s  p r e d i c t e d  b y  t h e  p r e s e n t  m o d e l  a g r e e  w e l l  w i t h  t h e  e x p e r i m e n t a l l y  
d e t e r m i n e d  o n e s  n e a r  t h e  T i - r i c h  c o r n e r .  C o n c e r n i n g  t h e  c e n t r a l  p a r t  o f  t h e  s y s t e m ,  
t h e  o n l y  a v a i l a b l e  d a t a  w a s  t h e  D S C  w o r k  b y  [ P r a 9 2 ] .  F i g u r e  3.7 . 7  i n d i c a t e s  t h a t  t h e  
p r e d i c t i o n  d o e s  fit t h e  e x p e r i m e n t a l l y  d e t e r m i n e d  t r a n s u s e s  q u i t e  well, w h i l e  e x t r a  
e x p e r i m e n t a l  t r a n s u s e s  w e r e  d u e  t o  d e v i a t i o n  f r o m  e q u i l i b r i u m  in t h e  e x p e r i m e n t a l  
w o r k .
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F i g u r e  3.7.1 T h e  G i b b s  e n e r g y  c u r v e s  o f  b o t h  p  a n d  B 2  p h a s e s  c a l c u l a t e d  b y  t h e  
p r e s e n t  B 2  a n d  A 2  m o d e l s  for: (A) T i - 4 0 a t % A I - 1 0 a t % V  a n d  (B) T i - 5 0 a t % A l - 3 0 a t % V  
alloys.
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F i g u r e  3 . 7 . 2  I s o t h e r m a l  s e c t i o n s  a t  1 1 7 3 K  c a l c u l a t e d  b y  t h e  p r e s e n t  B 2  m o d e l  b a s e d  
d a t a b a s e  ( A p p e n d i x  II). T h e  d a s h e d  c u r v e  s h o w s  t h e  c a l c u l a t e d  ( 5 / B 2  b o u n d a r y  w h i c h  
c a n  b e  c o m p a r e d  w i t h  e x p e r i m e n t a l l y  d e t e r m i n e d  p / B 2  c o m p o s i t i o n s  a n d  t h e  
b o u n d a r y  p r e d i c t e d  b y  t h e  [ S a u 9 4 ]  m o d e l  (NS).
Chapter 3 Thermodynamic Assessment o f  T i-A l-V  System
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F i g u r e  3 . 7 . 3  I s o t h e r m a l  s e c t i o n s  a t  9 7 3 K  c a l c u l a t e d  b y  t h e  p r e s e n t  B 2  m o d e l .  T h e  
d a s h e d  c u r v e  s h o w s  t h e  c a l c u l a t e d  (3/B2 b o u n d a r y  w h i c h  c a n  b e  c o m p a r e d  w i t h  
e x p e r i m e n t a l l y  d e t e r m i n e d  (3/B2 c o m p o s i t i o n s  a n d  t h e  b o u n d a r y  p r e d i c t e d  b y  t h e  
[ S a u 9 4 ]  m o d e l  (NS).
M O L E _ F R O C T I O N  R L
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F i g u r e  3 . 7 . 4  C a l c u l a t e d  T c v e r s u s  a t % V  c u r v e s  b y  t h e  p r e s e n t  m o d e l ,  t h e  I n d e n  
m o d e l  a n d  t h e  [ S a u 9 4 ]  m o d e l  ( N S )  o n  t h e  5 0 a t % A l  v e r t i c a l  s e c t i o n .
Sauders
Inden APM
F i g u r e  3 . 7 . 5  C a l c u l a t e d  p a r t i a l  v e r t i c a l  s e c t i o n  a t  6 w t % V  s u p e r i m p o s e d  w i t h  
e x p e r i m e n t a l  a l l o y  c o m p o s i t i o n s .
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Figure 3.7.6 Calculated partial vertical section at llwt%V superimposed with 
experimental alloy compositions.
Figure 3.7.7 Calculated vertical section at 44at%Al superimposed with 
experimentally determined transformation temperatures. The dashed curve shows 
the p-B2 transus.
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C H A P T E R  4
E X P E R I M E N T A L  P R O C E D U R E S
4.1 ALLOY PREPARATION
Ingots of the alloys studied in this work (see Table 5.1) were prepared by IMI 
Titanium by arc melting with high purity starting materials. Before melting, the 
chamber was evacuated to 10 N/w , followed by flushing the chamber with argon 
to the operative pressure of -10 N/M . The alloy melts were cast in a water cooled 
copper mould to give ingots of around (40 x 70 x 25) mm3 in size. Repeated melting 
was carried out for each alloy to guarantee ingot homogeneity. Chemical analysis 
and large area EPMA analysis of the bulk materials showed that the maximum 
deviations of the final compositions from the nominal ones were less than 1.5at% for 
each element. Chemical analysis of all ingots, which was also performed by IMI 
Titanium, gave the following contamination limits:
H: 25wppm, N: 30wppm and O: 500wppm.
4.2 MELT SPINNING OF ALLOY RIBBONS
Ribbons of the alloys shown in Table 5.1 were produced by chill block melt spinning 
in a modified Marko Materials melt spinner designed for production of
reactive high melting temperature alloy ribbons. The geometry configuration of the 
Marko unit, shown in Figure 4.1, differs significantly from conventional melt 
spinners. The alloys are tungsten(electrode)-argon arc-melted in a tilting, water- 
cooled copper hearth, to minimise adverse crucible/alloy reactions and reduce 
contamination. The molten metal was introduced to a spinning (2500rpm), 25cm 
diameter molybdenum wheel at the three o'clock position by tilting the hearth and 
allowing the metal to be extracted through a V-notch in the crucible. Prior to
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m e l t i n g  a n d  m e l t  s p i n n i n g ,  t h e  m e l t  s p i n n e r  c h a m b e r  w a s  e v a c u a t e d  t o  a t  lea s t  10 4 
N /  W  a n d  f l u s h e d  w i t h  A r g o n  t o  a t m o s p h e r i c  p r e s s u r e  (Th i s  p r o c e d u r e  w a s  r e p e a t e d  
t h r e e  t i m e s  b e f o r e  m e l t i n g  t o o k  p lace).
Fig j i r e  4 . 1  T h e  w o r k i n g  m e c h a n i s m  o f  t h e  M a r k o  m e l t  s p i n n e r  u s e d  in this w o r k .
F u r t h e r  m o d i f i c a t i o n  o f  t h e  M a r k o  m e l t  s p i n n e r  w a s  d o n e  a t  S u r r e y  t o  a l l o w  m e l t  
s p i n n i n g  o f  r e a c t i v e  allo y s  w i t h  v e r y  l i m i t e d  c o n t a m i n a t i o n .  A n a l y s i s  b y  I M I  T i t a n i u m  
s h o w e d  t h a t  t h e r e  w a s  n o  f u r t h e r  c o n t a m i n a t i o n  b y  H y d r o g e n  a n d  N i t r o g e n  v i a  m e l t  
s p i n n i n g  o f  t h e  all o y s  i n v e s t i g a t e d  in this w o r k .  T h e  f u r t h e r  O x y g e n  c o n t a m i n a t i o n  
w a s  l i m i t e d  t o  w i t h i n  l O O w p p m .  T h e  final lev e l  o f  c o n t a m i n a t i o n  o f  t h e  a l l o y  r i b b o n s  
w a s  w i t h i n :
2 5 w p p m  H ,  3 0 w p p m  N ,  a n d  6 0 0 p p m  O .
T h e  t h i c k n e s s e s  o f  t h e  a l l o y  r i b b o n s  p r o d u c e d  in this w o r k  w e r e  c o n t r o l l e d  a n d  w e r e  
in t h e  r a n g e  o f  3 0 p m - 1 0 0 p m .
4.3 HEAT TREATMENT
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G r e a t  c a r e  w a s  t a k e n  t o  a v o i d  f u r t h e r  c o n t a m i n a t i o n  d u r i n g  h e a t  t r e a t m e n t  o f  t h e
a l l o y  s a m p l e s .  A l l  all o y  s a m p l e s  w e r e  w r a p p e d  in l a y e r s  o f  h i g h  p u r i t y  T i  foils a n d
_ o _oe n c a p s u l a t e d  w i t h  T i  s p o n g e  in q u a r t z  t u b e s  in a  v a c u u m  b e t t e r  t h a n  1 0  N m  . N o  
e v i d e n t  f u r t h e r  c o n t a m i n a t i o n  w a s  d e t e c t e d  b y  c h e m i c a l  a n alysis. T h e  f u r n a c e  
t e m p e r a t u r e  w a s  m o n i t o r e d  b y  t h e r m o - c o u p l e s  a n d  t h e  a c c u r a c y  o f  o p e r a t i v e  a g i n g  
t e m p e r a t u r e s  w a s .  w i t h " ± 5 K .
4.4 SCANNING ELECTRON MICROSCOPY (SEM)
S c a n n i n g  e l e c t r o n  m i c r o s c o p y  ( u s i n g  t h e  C a m b r i d g e  2 5 0  s c a n n i n g  e l e c t r o n  
m i c r o s c o p e )  w a s  u s e d  t o  s t u d y  s u r f a c e  d e n d r i t e  m o r p h o l o g y  v i a  s e c o n d a r y  e l e c t r o n  
i m a g i n g .  B a c k  s c a t t e r e d  e l e c t r o n  i m a g i n g  w a s  e m p l o y e d  f o r  p o l i s h e d  c r o s s  s e c t i o n s ,  
g i v i n g  d i s t r i b u t i o n s  o f  p h a s e s  w i t h  d i f f e r e n t  c o m p o s i t i o n s .  W h e n  b a c k  s c a t t e r e d  
i m a g i n g  c o u l d  n o t  w o r k  p r o p e r l y  d u e  t o  s m a l l e r  d i f f e r e n c e  in t h e  a v e r a g e  a t o m i c  
n u m b e r s  o f  d i f f e r e n t  p h a s e s ,  t h e  p o l i s h e d  s e c t i o n s  w e r e  e t c h e d  w i t h  K R O L L ’s 
r e a g e n t  a n d  i m a g e d  b y  s e c o n d a r y  e l e c t r o n s .
It w a s  s h o w n  t h a t  t h e  S E M  i n v e s t i g a t i o n  o f  t h e  d e n d r i t e  m o r p h o l o g y  p r o v i d e d  
h i s t o r i c a l  e v i d e n c e  f o r  t h e  p h a s e  t r a n s f o r m a t i o n  s e q u e n c e s  d u r i n g  solidification, 
s i n c e  in s o m e  alloys, t h e  solid s t a t e  t r a n s f o r m a t i o n  c o u l d  l e a d  t o  s i m i l a r  d e t a i l e d  
p h a s e  s t r u c t u r e s  e v e n  t h o u g h  t h e y  s t a r t e d  sol i d i f i c a t i o n  w i t h  c o m p l e t e l y  d i f f e r e n t  
p h a s e s .
4.5 TRANSMISSION ELECTRON MICROSCOPY (TEM)
T E M  w a s  t h e  m a i n  t o o l  f o r  t h e  m i c r o s t r u c t u r a l  i n v e s t i g a t i o n  in this s t u d y ,  s i n c e  it 
is t h e  o n l y  a v a i l a b l e  t o o l  t h a t  i n c o r p o r a t e s  h i g h  r e s o l u t i o n  m i c r o s t r u c t u r a l  
o b s e r v a t i o n  a n d  d i r e c t  c r y s t a l l o g r a p h i c  s t u d y  a s  w e l l  a s  m i c r o - a r e a  c o m p o s i t i o n  
a n a l y s i s  w h e n  t h e  m i c r o s c o p e  is e q u i p p e d  w i t h  a n  e n e r g y  d i s p e r s i v e  X - r a y  ( E D X )  
s y s t e m .  T E M  w o r k  in this s t u d y  w a s  c a r r i e d  o u t  o n  a  J E O L  2 0 0 0 - f x  a n d  P K t U p s  • 
E M 4 0 0 T  m i c r o s c o p e s .  T h e  E M 4 0 0 T  w a s  e q u i p p e d  w i t h  a  L I N K  A N  1 0 0 0 0  E D X  s y s t e m .
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4.5.1 TEM thin fo il preparation
T E M  fo ils  w e re  p re p a re d  by ion  b e a m  th in n in g  to  avo id  c o n ta m in a tio n  v ia  c h e m ic a l 
p o lish in g . T h e  w o rk in g  co nd itio n s  o f  th e  ion  b eam  th in n e r w e re :
A c c e le ra t io n  v o lta g e : 6kV ; b eam  c u rre n t p e r gun: 0 .5 m A .
T o  p re p a re  th in  fo ils  o f th e  a llo y  in g o ts , s lices  o f around 3 0 0 -4 0 0 p m  th ic k  w e re  c u t  
using d iam o n d  im p re g n a te d  N i w h e e l on a S tru e r ’s A c c u to m . P le n ty  o f lu b r ic a n t  
liq u id  was used d uring  c u tt in g  to  avo id  s am p le  h e a tin g . T h e s e  s lices  w e re  th en  
ground  on S iC  p a p e r w ith  w a te r  lu b r ic a tin g  up to  2 4 0 0 # , fo llo w e d  by po lish ing  up to  
l p m  fin is h in g  a t  one s ide. D u e  to  th e  lo w e r d u c t i l i ty  o f som e a llo y  s lices , these  
s lices  w e re  th e n  b roken  in to  s m a lle r  p ieces  and m o u nted  on T E M  th in  fo il su pp o rtin g  
grids w ith  ep oxy  res in . T h e  sam ples w e re  th e n  ground dow n to  aro u nd  5 0 p m  fro m  th e  
rough  s ide  fo llo w e d  by p o lish ing  to  a 1 p m  fin ish in g . T h e  f in a l th in n in g  w as cond u cted  
in  th e  ion  b e a m  th in n e r.
T h in  fo ils  o f a llo y  ribbons w e re  p re p a re d  by m o u n tin g  th e m  on T E M  th in  fo il  
s u p p o rtin g  g rids fo llo w e d  by ion b eam  th in n in g . A  s in g le  gun w as used to  p re p a re  
sam p les  fo r  o bserv ing  th e  m ic ro s tru c tu re s  o f one side o f th e  ribbons. D u a l guns w e re  
used to  p re p a re  sam ples o f th e  ribb o n  m id -s e c tio n .
4.5.2 Phase identification .
T o  avo id  c ry s ta llo g ra p h ic  a m b ig u it ie s  such as th e  c o in c id e n c e  a m b ig u ity  b e tw e e n  
tw o  d if fe r e n t  c ry s ta l s tru c tu re s , s y s te m a tic  t i l t in g  around im p o r ta n t  re c ip ro c a l 
v e c to rs  w e re  co nd u cted  fo r  th e  id e n t if ic a t io n  o f each  phase. T h is  a llo w e d  a ll th e  
lo w -in d e x  zone axis  p a tte rn s  to  b e  o b ta in e d . A n  im p o r ta n t  c ry s ta llo g ra p h ic  
re c ip ro c a l v e c to r  w as d e fin e d  to  h ave  e ith e r  o r bo th  o f  th e  fo llo w in g  fe a tu re s :
i) th e  v e c to r  is o f  lo w  index;
i i )  th e  v e c to r  is th e  n o rm a l o f a m ir r o r  p la n e  in  th e  C B E D  (C o n v e rg e n t B eam  
E le c tro n  D if f r a c t io n )  o r S A D  (S e le c te d  A re a  D if f r a c t io n )  p a t te r n .
W hen  K ik u c h i p a tte rn s  can  be observed, a lo w -in d e x  p a t te r n  a lw a y s  lies  in  th e  
d ire c t io n  w h e re  m o s t K ik u c h i bands co n v e rg e , lik e  a c ity  w h e re  m o s t roads co nverge .
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T h is  fe a tu r e  w as used as g u id an ce  in  th e  p re s e n t s tu d y  d u rin g  s y s te m a tic  t i l t in g  
e x p e rim e n ts .
T h e  e le c tro n  d if f r a c t io n  p a tte rn s  w e re  in d exed  using a v e r s a t i le  c o m p u te r  p ro g ra m  
designed  b y  th e  p re s e n t a u th o r w h ic h  c o n ta in e d  s tru c tu re , fa c to r  s im u la tio n s  o f  any  
c ry s ta l s tru c tu re s  o r space groups.
C B E D  w e re  used e ith e r  to  show th e  s y m m e try  e le m e n ts  o f d i f f e r e n t  phases o r to  
d e te rm in e  c ry s ta l s tru c tu re s  o f  f in e  g ra ins .
4.5.3 Convergent beam electron d iffraction (CBED)
I f  a c o n v e rg e n t e le c tro n  b eam  is focused  on a v e ry  s m a ll a re a  o f  th e  sp ec im en , th e  
d if f r a c t io n  spots b e c o m e  discs. T h e  ad van tag es  o f  C B E D  o v e r s e le c te d  a re a  e le c tro n  
d if f r a c t io n  (S A D ) w h ic h  uses p a ra lle l il lu m in a tio n , a re :
i) C B E D  a llo w s  s in g le  c ry s ta l d if f r a c t io n  o f f in e  c ry s ta ls  due to  th e  s m a ll e le c tro n  
p ro b e  used.
ii)  C B E D  p a tte rn s  can  c o n ta in  th re e  d im en s ion a l s y m m e try  in fo rm a tio n  w hen th e  
i l lu m in a te d  a re a  is u n ifo rm  in th ickn ess  and n e a rly  d e fe c t /s t r a in  f r e e . L o w  c a m e ra  
le n g th , lo w  in d ex  C B E D  zo ne  axis p a tte rn s  (Z A P ) and la rg e  c a m e ra  le n g th  ±G  double  
b e a m  C B E D P s  can  be used in  c o m b in a tio n  to  d e te rm in e  th e  p o in t groups o f  th e  
c ry s ta l w ith o u t  a m b ig u ity , w h ile  s in g le  c ry s ta l X - r a y  d if f r a c t io n  can  o n ly  c la s s ify  
th e  c ry s ta l s y m m e try  in to  11 L a u e  groups. T h e  c o m b in a tio n  o f  th e  C B E D  p o in t group  
in fo rm a tio n  and th e  X - r a y  m ic ro -s y m m e try  e le m e n t in fo rm a tio n  can  d e te rm in e  m o s t  
o f th e  space  groups(204  o f 2 3 0 ), w h ile  C B E D  a lo n e  can  d e c id e  w ith o u t a m b ig u ity  189  
o f  230  typ es  o f  space  groups.
i i i )  A c c u r a te  s p ec im en  th ickn ess  d e te rm in a tio n .
iv ) A c c u r a te  la t t ic e  p a ra m e te r  d e te rm in a tio n  using h ig h e r o rd e r L a u e  zo ne  (H O L Z )  
lin es , o r nGg ze ro  o rd e r L a u e  zo ne  (Z O L Z ) lin es , w h ich  can  also be used to  d e te rm in e  
s m a ll lo c a l s tra in  changes[S ha93d].
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v ) A c c u r a te  a c c e le ra t io n  v o lta g e  o r e x t in c t io n  d is ta n c e  d e te rm in a t io n .
v i)  I t  is e a s ie r  to  g e t  K ik u c h i p a tte rn s  w ith  c o n v e rg e n t b e a m  due to  s m a lle r  
il lu m in a t io n  a re a  and h ence  less d e fe c ts  in  th e  e le c t r o n -m a t te r  in te r a c t io n  re g io n , 
as w e ll as la rg e r  p ro b a b ility  fo r  d if f r a c t io n  m a x im a  (w h ic h  is a c y lin d e r  ra th e r  th a n  
a n e e d le ) to  to u ch  th e  E w a ld  sp here . T h is  a d v a n ta g e  was e x te n s iv e ly  used in  th e  
p re s e n t s tu d y  d urin g  s y s te m a tic  t i l t in g ,  using K ik u c h i p a t te r n  as a g u id e  fo r  low  
in d ex  p a tte rn s .
4.5.4 Orientation relationship
T h e  o r ie n ta t io n  re la tio n s h ip  o f tw o  c ry s ta ls  can  be c o m p le te ly  d e fin e d  by g iv in g  a 
p a ir  o f  p a ra lle l d ire c tio n s  and a p a ir  o f  p a ra lle l p lanes p e rp e n d ic u la r  to  th e  
d ire c tio n s . T h is  is e q u iv a le n t to  g iv in g  th re e  p a irs  o f p a ra lle l p lanes  o r d ire c tio n s  
w h ic h  a re  p e rp e n d ic u la r  to  one a n o th e r , a cco rd in g  to  w h ich  a ll th e  p a ra lle l p lanes  
and d ire c tio n s  b e tw e e n  th e  tw o  c ry s ta ls  can  be show n e ith e r  d ir e c t ly  on a 
su perim p o sed  s te re o g ra m  p ro je c tio n , o r can  be re la te d  m a th e m a t ic a l ly  by a tra n s fe r  
m a tr ix .
E x p e r im e n t:
T o  d e te rm in e  th e  o r ie n ta t io n  re la tio n s h ip  e x p e r im e n ta lly  in  th e  T E M , f i r s t  a p a ir  o f  
p a ra lle l p lanes , w h ic h  w e re  c h a ra c te r iz e d  by p a ra lle l d if f r a c t io n  spots o r p a ra lle l  
K ik u c h i bands on th e  d if f r a c t io n  p a tte rn s , w e re  found by s y s te m a tic  t i l t in g .  A  p a ir  
o f p a ra lle l  d ire c tio n s  w h ic h  w e re  p e rp e n d ic u la r  to  th e  p la n e  p a ir , w e re  th e n  found  
b y  t i l t in g  around  th e  p la n e  n orm als  o f th e  p a ra lle l p lanes, g iv in g  th e  w a n te d  p a ra lle l  
d ire c t io n  and p la n e  p a irs .
M a th e m a t ic a l fo rm u la t io n  o f an e q u iv a le n t o r ie n ta t io n  re la tio n s h ip :
T h e  g e n e ra l fo rm  o f o r ie n ta t io n  re la tio n s h ip  is expressed as: [U  V  W ] / /  (u v  w] and 
(H  K  L ) / /  (h k 1), w h ic h  can  be re a d ily  tra n s fe rre d  to  th re e  p a irs  o f  p a ra lle l p lanes  
w h ic h  a re  p e rp e n d ic u la r  to  one an o th e r:
102
Chapter 4 Experimental Procedures
( H I  K 1  L l )  / /  ( h i  k l  1 1 )
( H 2  K 2  L 2 )  / /  ( h 2  k 2  1 2 )  ( 4 . 1 )
( H 3  K 3  L 3 ) / / ( h 3  k 3  1 3 )
T h is  leads to  th e  fo llo w in g  e q u a tio n  d iv id in g  each  re c ip ro c a l v e c to r  by its  ow n
v e c to r  le n g th :
R  H1K1L1 _  r  * h l k l l l
>3 h*
II
A
rp *
H2K2L2 _ T *x h2k2l2
R 2 A
D *
H3K3L3 _ r  h3k313
R 2 r 3
jjj ^
w h e re  R  ^ a n d  r  hj a re  a p a ir  o f  p a ra lle l re c ip ro c a l v e c to rs  fo r  th e  tw o  
c ry s ta ls , and R j and r j a re  th e  v e c to r  len g th s . S in ce  R j< * l /D j  and r j « l / d j ,  w h e re  D j 
and dj a re  la t t ic e  p la n e  spacings, E qn. (4 .2 ) can  be r e w r it te n  as:
T h e r e fo re , th e  b as ic  re c ip ro c a l v e c to rs  o f b o th  c ry s ta ls  can  b e  re la te d  fro m  E qn. 
(4 .3 ) as:
'a  *n t o X I L I
£?* = # 2 X 2 L 2
t o X 3 L 3
\-i
(  d .- ^ 0  0 
A
A
0 0
' h i  k l
0 h 2  k 2
M 3  k 3
/ *\ a
b*
c *
( 4 . 4 )
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w h ic h  ca n  be w r it t e n  in  th e  s im p lif ie d  fo rm  as:
[ A *  ] =  [ N  ]( a * ]  ( 4 - 5 )
T w o  im p o r ta n t  c ry s ta llo g ra p h ic  conclusions fo r  in d ex  tr a n s fe r  b e tw e e n  tw o  c ry s ta ls  
a re  (a ) th a t  th e  tr a n s fe r  m a t r ix  b e tw e e n  re c ip ro c a l p lanes  is th e  sam e as th a t  
b e tw e e n  th e  re c ip ro c a l basis v e c to rs , [N ]; and (b) th a t  th e  t r a n s fe r  m a t r ix  b e tw e e n
HP _ 1
r e c ip ro c a l v e c to rs  is [N  ] , i .e . ,
[ U] = [ N] [u]
( 4 . 6 )
[ H ]  = [ N t ] -1 [ h ]
E qn . (4 .6 ) can  be used to  d e r iv e  any e q u iv a le n t p a ra lle l p la n e  o r d ire c t io n  p a irs  fo r  
th e  o r ie n ta t io n  re la tio n s h ip  o f tw o  c ry s ta ls , in c lu d in g  p re c ip ita te s  and m a t r ix  as w e ll  
as tw in  re la tio n s h ip , e tc .
T o  tr a n s fe r  th e  re la tio n s h ip : [U  V  W] / /  [u v w] and (H  K  L ) / /  (h k  1) to  th e  fo rm a t  
in  E qn . (4 .1 ), one needs to  tra n s fe r  a d ire c t io n  in d ex  to  a p la n e  in d ex  w hen th e  
c ry s ta l is n o t cu b ic . T h e  fo rm u la  is:
/  > 
h
/ \ 
u
k = [ M  ] V
A
T h e  t r a n s fe r  m a t r ix  [ M  ] in  th is  e q u a tio n  is in  fa c t  th e  tr a n s fe r  m a t r ix  b e tw e e n  th e
•j*
basis v e c to rs  o f th e  re a l la t t ic e  and those o f  th e  re c ip ro c a l la t t ic e ,  i.e . [a ]= [M ][a  ].
[ M  ] =
a
b a .cosy 
ca. cos{3
ajb. cosy
cfr.cosa
ac. cos(3 
b e .cosa ( 4 . 8 )
w h e re , fo llo w in g  c ry s ta llo g ra p h ic  c o n v e n tio n , a, b and c  d e n o te  th e  leng ths  o f u n it  
c e ll  axes and a ,  (3 and y a re  angles b e tw e e n  th e  u n it  c e ll axes.
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U s in g  s te re o g ra p h ic  p ro je c tio n  to  show  e q u iv a le n t o r ie n ta t io n  re la tio n s h ip s : 
S te re o g ra p h ic  p ro je c tio n  o f  any v e c to r , r s(co sa ,co sP ,co sy )»  on th e  e q u a to r  p la n e  (x ,y ) 
ca n  b e  d e fin e d  b y  a rad iu s  r x fro m  th e  c e n tre  o f  th e  e q u a to r  p la n e  to  th e  
p ro je c tio n  p o in t, and an an g le  6 b e tw e e n  r x y and th e  x  axis:
r  = r  t a n - Y ; 0 = t g ~ x c o - £  ( 4 . 9 )x>y s 2 c o s a
In  p ra c t ic e , th re e  p a irs  o f  p a ra lle l p lanes  o r  d ire c tio n s  w h ich  w e re  p e rp e n d ic u la r  to  
one a n o th e r w e re  chosen as x , y  and z axes, and th e  su perim p o sed  s te re o g ra m  
p ro je c tio n  co u ld  b e  re a d ily  o b ta in e d  using E qn . (4 .9 ).
4.5.5 Interface studies
A n o th e r  im p o r ta n t  c ry s ta llo g ra p h ic  re la tio n s h ip  b e tw e e n  tw o  c ry s ta ls  is th e  h a b it  
p la n e  b e tw e e n  th e m . T h e  n o rm a l o f  th e  h a b it  p la n e  can  be d e te rm in e d  by t i l t in g  th e  
p la n e  to  a p o s itio n  p a ra lle l to  th e  e le c tro n  b e a m . T h is  is easy in  th e  J E O L  2 0 0 0 -fx  
m ic ro s c o p e  in  w h ic h  th e  ro ta t io n  o f  th e  d if f r a c t io n  p a t te r n  w ith  re s p e c t to  th e  
im a g e  due to  th e  h e lic a l t r a je c to r ie s  o f  th e  e le c tro n s  in  an im m e rs io n  o b je c tiv e  lens 
is co m p e n s a te d  o v e r a la rg e  ra n g e  o f  m a g n ific a tio n s . T h e r e fo re , t i l t in g  was  
co n d u c te d  around  th e  p la n e  tr a c e  to  o b ta in  a n a rro w e s t, o r a s h a rp e s t lin e  c o n tra s t  
a t  th e  in te r fa c e . T h e  K ik u c h i lin e  p a ra lle l  to  th e  t r a c e  lin e , o r th e  d if f r a c t io n  spots  
p e rp e n d ic u la r  to  th e  t r a c e  lin e  corresponds to  th e  h a b it  p la n e . T i l t in g  around th e  
co rresp o nd ing  re c ip ro c a l v e c to rs  was fo llo w e d  to  ensure th a t  th e r e  was no w id en in g  
o f  th e  t r a c e  lin e  c o n tra s t.
4.6 E N E R G Y  DISPERSIVE X - R A Y  (EDX) ANALYSIS
E D X  analysis  was p e rfo rm e d  on a J E O L  J X A 8 6 0 0  E P M A  s y s te m  fo r  th e  b u lk  ingots  
and on a L IN K  A N  100 0 0  E D X  sys tem  on th e  E M 4 0 0 T  fo r  th e  T E M  fo ils . F o r  th e  bu lk  
s p e c im e n  E D X  analysis  in  S E M , as long as e x p e r im e n ta lly  c o lle c te d  s ta n d a rd  E D X  
s p e c tra  p ro file s  a re  used, th e  a v a ila b le  Z A F  c o rre c t io n  (A to m ic  n u m b er e f f e c t  Z ,
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A b s o rp tio n  A , and F lu o re s c e n c e  F ) p ro gram s can  g iv e  good c o m p o s itio n  re s u lt  
( r e la t iv e  a c c u ra c y  around 6%  i f  th e  e le m e n t c o n c e n tra tio n  is o v e r 1 0 w t% ). In  
g e n e ra l, to  g u a ra n te e  th e  a c c u ra c y  o f  th e  phase c o m p o s itio n , phases la rg e r  th a n  3 p m  
w e re  chosen s in ce  th e  sp read ing  o f  th e  e le c t r o n -m a t te r  in te r a c t io n  zo ne  in  th ic k  
sam ples  re s u lts  in  a s p a c ia l re s o lu tio n  around 1 p m .
T h e  th in  fo il  E D X  analysis  in  T E M , o r a n a ly t ic a l e le c tro n  m ic ro s c o p y  (A E M ), on th e  
o th e r  hand has a m uch  b e t te r  s p a t ia l re s o lu tio n  (< 50nm ). H o w e v e r , c a re  had to  be  
ta k e n  to  g e t a c c u ra te  c o m p o s itio n  in fo rm a tio n  fo r  th e  th in  fo i l  E D X  analysis . T h e  
A E M  co nd itio n s  w e re  o p t im iz e d  as fo llo w s:
i) M a x im u m  a c c e le ra t io n  v o lta g e  fo r  la rg e r  P /B  (p e a k /b a c k g ro u n d ) ra t io ;
ii)  W hen sp ac ia l re s o lu tio n  was o f seco nd ary  concern , la rg e r  e le c tro n  p robe s ize  was 
used to  a llo w  b e t te r  s ta t is t ic s  and less c o n ta m in a tio n ;
i i i )  L o w  in d ex  B ragg  c o n d itio n  w as avo id ed  to  g e t r id  o f  th e  "B o rrm a n  e f fe c t"  [W il8 4 ]
iv ) C h a r a c te r is t ic  X - r a y  p eak  en erg ies  o f each  peak  w e re  c a lib ra te d  by th e  T i  peak  
p o s itio n  fo r  T i - A l - V  a llo ys , o r by V  p eak  p o s itio n  fo r  A l-V  a lloys;
v) possib ly th e  th in n e s t (< 100nm  th ic k ) a reas  w e re  chosen to  g u a ra n te e  th e  s p a t ia l  
re s o lu tio n  and
v i)  lo n g er s p e c tru m  c o lle c tin g  t im e  was used w ith  s m a ll p ro b e  s izes .
T h e  s ta n d a rd  E D X  s p e c tra  p ro file s  w e re  e x p e r im e n ta lly  d e te rm in e d  w ith  high p u r ity  
s ta n d a rd  fo ils . T h e  C l i f f - L o r im e r  fa c to rs  w e re  d e te rm in e d  e x p e r im e n ta lly  w ith  
quenched  s in g le  (3 phase T i - A l - V  a llo ys . W ith  a ll th e  ab ove  p re c a u tio n s  ta k e n , th e
to bo.
A E M  E D X  re s u lts  w e re  found  as good as th a t  o f E P M A .
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C H A P T E R  5
S T U D Y  O F  I N G O T  M I C R O S T R U C T U R E S
5.1 INTRODUCTION
V a rio u s  T i - A l - V  a lloys  have  been  in v e s tig a te d  and th e  re s u lts  o f  m ic ro s tru c tu ra l  
analyses o f th e  ingots  w il l  be p re s e n te d  in th is  c h a p te r . S in ce  th e  ro o m  te m p e ra tu re  
m ic ro s tru c tu re s  o f a lloys  th a t  have  undergone d if f e r e n t  phase tra n s fo rm a tio n  
sequences can  lo o k  a lik e  s o m e tim e s , th e  m o rp h o lo g ic a l d e ta ils  o f  s u rfa c e  d e n d rite s  
h a v e  been  e x te n s iv e ly  s tu d ied  to  p ro v id e  e v id e n c e  o f phase tra n s fo rm a tio n  h is to rie s . 
T h e  re s u lts  o f th e  m ic ro s tru c tu ra l c h a ra c te r iz a t io n  w i l l  be  p re s e n te d  and co m p ared  
w ith  th e rm o d y n a m ic  p re d ic tio n s .
5 .2  M O R P H O L O G IC A L  S T U D IE S  O F T I - A L - V  A L L O Y S
T h e  co m p o s itio n s  o f th e  a lloys  in v e s tig a te d  in th is  w o rk  a re  su perim posed  on th e  
c a lc u la te d  liq u id  s u rfa c e  p ro je c tio n  and an is o th e rm a l s e c tio n  a t  1 1 7 3 K , in F ig u re  
5 .1 . T h e  n o m in a l a llo y  co m p os ition s  a re  lis te d  in T a b le  5 .1  to g e th e r  w ith  E P M A  
re s u lts  o f  th is  s tu d y  and c o n ta m in a tio n  analys is  done by IM I-T i ta n iu m , show ing th a t  
th e  n o m in a l co m p osition s  a re  q u ite  re lia b le . F o r c o n v e n ie n c e , a llo y  co m p ositions  
q u o te d  in  th is  thes is  w i l l  b e  in a to m ic  p e rc e n ta g e  unless d e fin e d  o th e rw is e .
A c c o rd in g  to  th e  liq u id  s u rfa c e  p ro je c tio n  c a lc u la te d  by th is  w o rk , th e  s o lid if ic a t io n  
o f m o s t o f  th e  a llo ys  in v e s tig a te d  in  th is  study w il l  c o m m e n c e  w ith  p r im a ry  (3 phase  
s e le c tio n . T h e  T i-5 5 A 1  a llo y  lies  a t  th e  boundary  b e tw e e n  p r im a ry  a  and y  
s o lid if ic a t io n , and th e  T i-5 0 A 1  is a t  th e  boundary  b e tw e e n  p r im a ry  (3 and a  
s o lid if ic a t io n . T h e  S E M  im a g e  o f th e  fr e e  s u rfa c e  o f th e  T i-5 5 A 1  a llo y  in g o t c le a r ly  
e x h ib its  re c ta n g u la r ly  a rra y e d  fa c e t te d  d e n d rite  m o rp h o lo g y , F ig u re  5 .2 , w h ile  th e  
d e n d r ite  m o rp h o lo g y  o f th e  T i-5 0 A 1  in g o t s u rfa c e  is a h exag o n a l a r ra y  (F ig u re  5 .3 ). 
S in c e  a  is a h exago n a l phase and y  is an o rd ered  te tra g o n a l phase, th ese  resu lts
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c le a r ly  in d ic a te  th a t  th e  T i-5 5 A 1  in g o t g e n e ra lly  s o lid if ie d  as y  an(4 th e  T i-5 0 A 1  
s o lid if ie d  as a .
T a b le  5.1  N o m in a l co m p osition s  o f  a llo y  ingo ts  in v e s tig a te d
N o m in a l
co m p osition s
(a t% )
E P M A  re s u lts  (a t% );  
T h is  W o rk
C o n ta m in a tio n  
le v e l (w ppm ); 
IM I-T i ta n iu m
T i A l V T i A l V
45 55 0 4 5 .2 5 4 .8 0 O < 500;
50 50 0 4 9 .6 5 0 .4 0
H  < 25;
50 47 3 4 9 .8 4 7 .3 2 .9
50 45 5 5 0 .0 4 5 .5 4 .5 N  < 30 .
50 40 10 4 9 .5 4 0 .7 9 .8
50 35 15 4 9 .7 3 5 .9 1 4 .4
50 25 25 4 9 .7 26.1 2 4 .2
4 0 40 20 4 0 .6 3 9 .9 19 .5
50 0 50 5 0 .4 0 4 9 .6
30 50 20 3 0 .2 4 9 .9 19.9
10 50 40 9 .7 50.1 4 0 .2
5 50 45 5.1 5 0 .5 4 4 .4
0 50 50 0 4 9 .6 5 0 .4
T h e  E P M A  re s u lts  show ed th a t  th e  T i~ 5 0 A l a llo y  c o n ta in s  5 0 .4 a t% A l w h ich  is s lig h tly  
a t  th e  L / a  s ide o f th e  phase d ia g ra m . T h e  a g re e m e n t b e tw e e n  p re d ic t io n  and  
o b s e rv a tio n  is c le a r ly  v e ry  good. T h e  a / y  and p /a  b o u n d ary  A l c o n te n ts  a re  also in  
good a g re e m e n t w ith  th e  e x p e r im e n ta l w o rk  by M c C llo u g h  e t  a l w ho d e fin e d  th e  p /a  
b o u n d ary  a t  4 9 -5 0 a t% A l and th e  a / y  bou n d ary  a t  = 5 5 a t% A l [M c C 8 9 ], and by K a t tn e r
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e t  a l ’s th e rm o d y n a m ic  assessm ent w h ic h  d e fin e s  th e  (3/ct b ou n d ary  a t  4 9 .4 a t% A l and  
th e  a / y  b ou ndary  a t  5 5 a t% A l [K a t9 2 ].
T a b le  5 .2  S u m m a ry  o f  s u rfa c e  m o rp h o lo g ies  and phases p re s e n t in  ingots  (S u bscrip t 
" L ” fo r  la m e lla r  and "seg” fo r  seg reg a tes )
N o m in a l
co m p osition s
(a t% )
S u rfa c e
M o rp h o lo g ies
Phases P re s e n t in  In go ts
T i A l V
45 55 0 fa c e t te d
re c ta n g u la r (y )
Y m atrix + ( « 2+ Y>L
50 50 0 h e x a g o n a l(a ) (Y + ot2)L  + Yseg
50 47 3 p ro tu b e ra n c e (p ) <Y + « 2>L + Y seg
50 45 5 p ro tu b eran ce ((3 ) la m e lla r  (y  + a 2)
50 40 10 p ro tu b e ra n c e (p ) B2 + y  + o) + a 2
50 35 15 p ro tu b eran ce ((3 ) B2 + co (+ a 2)
50 25 25 p ro tu b eran ce ({3 ) B 2 + o) (+ a 2)
40 40 20 p ro tu b eran ce ((3 ) B2 + o)
50 0 50 n o n -fa c e te d
re c ta n g u la r (p )
(3 + to
30 50 20 n o n -fa c e te d
re c ta n g u la r(|3 )
B2 + y
10 50 40 n o n -fa c e te d
re c ta n g u la r (p )
(3 + y  + A13M  (M  = T i ,V )
5 50 45 n o n -fa c e te d
re c ta n g u la r (p )
P + A fy M  + A lg V ^
0 50 50 n o n -fa c e te d
re c ta n g u la r (p )
P + A18V 5
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W ith  in c reas in g  a m o u n t o f  V (> 3 a t% ) in  T i - A l  a lloys  c o n ta in in g  5 0 a t% T i, th e  f r e e  
s u r fa c e  o f  th e  T i A l 1_xV x a llo y  ingots  (x  is m o la r  f r a c t io n  o f  V ) e x h ib ite d  c o n ic a l 
p ro tu b e ra n c e s  (F ig u re s  5 .4  and 5 .5 ). T h e  p ro tu b e ra n c e s  o f a llo ys  c o n ta in in g  3 -1 0 a t% V  
also show ed s tr ia te d  s u rfa c e  m o rp h o lo g y  (F ig u re  5 .6 ), in d ic a t in g  th a t  som e so lid  
s ta te  tra n s fo rm a tio n s  had ta k e n  p la c e  d urin g  co o lin g . T h e re  w as no s u rfa c e  s tr ia t io n  
on T i A l j _ x V x ingots  w ith  x > 0 .1 5  (F ig u re  5 .7  fo r  x = 0 .1 5 ), in d ic a t in g  th a t  lo w e r  
te m p e r a tu re  so lid  s ta te  tra n s fo rm a tio n s  in  th e s e  a lloys  w e re  la rg e ly  suppressed. T h e  
s u rfa c e  m o rp h o lo gy  o f  th e  b in a ry  T i-5 0 V  show ed w e ll d eve lo p ed  d e n d r ite  m o rp h o lo gy  
in  a re c ta n g u la r  a r ra y , F ig u res  5 .8  and 5 .9 . I t  is w o rth  n o tin g  th a t  th e  s u rfa c e  
p ro tu b e ra n c e s  in  F ig u re  5 .8  a re  in fa c t  th e  p r im a ry  |3 d e n d rite s  w h ic h  a re  cores o f  
th e  d e n d r it ic  co lo n ies . T h e re fo re , th e  te rn a ry  T iA l j ^ xV x a llo ys  h ave  a s m a lle r  
te n d e n c y  fo r  seco nd ary  d e n d rite  a rm  g ro w th , lead in g  to  pronounced  p r im a ry  d e n d r ite  
a rm  g ro w th .
A p a r t  fro m  T i-5 0 A 1 , a llo ys  w ith  5 0 a t% A l, i.e . th e  A lT i j _ xV x a llo ys  in  T a b le  5 .1 , a re  
a ll w e ll  w ith in  th e  L /p  re g io n . T y p ic a l fe a tu re s  o f  d e n d r ite  m o rp h o lo g ies  o f th ese  
a llo ys  a re  shown in  F ig u re s  5 .8  and 5 .9 , e x c e p t th a t  th e  te r n a r y  a lloys  show ed  
s tr ia te d  su rfa c e s , in d ic a tin g  subsequent so lid  s ta te  tra n s fo rm a tio n s  (F ig u re  5 .1 0 ). A  
s u m m a ry  o f  in g o t s u rfa c e  m o rp h o lo g ies  is p resen ted  in  T a b le  5 .2 .
5.3 M I C R O S T R U C T U R A L  STUDIES
A  s u m m a ry  o f th e  re s u lts  o f th e  m ic ro s tru c tu ra l analyses o f th e  a llo y  ingots is g iven  
in  T a b le  5 .2 . E D X  analysis  o f various  phases in  these  a llo ys  was also p e rfo rm e d , as 
long as th e  s p a t ia l re s o lu tio n  was a c c e p ta b le  fo r  th e  s iz e  s c a le  o f  th e s e  phases. 
R e s u lts  fo r  th e  phase co m p ositions  in  a llo y  ingots  a re  g iv e n  in  T a b le  5 .3 . F o r  th e  
sake  o f  sav ing  p re s e n ta tio n a l space, th e  m ic ro s tru c tu ra l in fo rm a tio n  w i i l  o n ly  be  
g iv e n  in  d e ta il fo r  som e case a lloys , p a r t ic u la r ly  on th e  s e c tio n  o f  th e  phase d ia g ra m  
a t  a b o u t 5 0 a t% T i, s in ce  th e y  fe a tu r e  m o s t o f th e  phase tra n s fo rm a tio n s  in  th e  re g io n  
o f  c u r re n t  in te re s t  in  a llo y  d e v e lo p m e n t.
5.3.1 T iA lj_ xVx alloys (x^0.05)
F ig u re  5,11 A  is a b ack  s c a t te re d -e le c tr o n  im a g e  (BSI) o f  th e  cross s e c tio n  o f  T i-5 5 A 1
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a llo y  in g o t, show ing d a rk  m a t r ix  and som e lig h t  d e n d rite s . T E M  show ed th a t  th e  d a rk  
m a t r ix  phase was y , w h ile  th e  lig h t  phase in s ide  th e  y  g ra in s  c o n ta in e d  a 2 and Y 
(F ig u re s  5.1 IB ) .  T h e  re s u lts  show ed th a t  th e  f i r s t  phase in  e q u ilib r iu m  w ith  th e  
liq u id  phase w as a  w h ich  th e n  decom posed  in to  a 2+ y  d u rin g  co o lin g , a lth o u g h  th e  
m a jo r ity  o f  th e  so lid  phase th a t  tra n s fo rm e d  d ir e c t ly  fro m  th e  liq u id  phase was y .  
T h e  o r ie n ta t io n  re la tio n s h ip  (O R ) b e tw e e n  th e  tw o  phases w as fo u n d  to  be s t r ic t ly ,  
<1 0 1 > Y//< 1 1 2 0 > a2 and { l l l } Y/ / ( 0 0 0 1 ) a2 (see in s e rt in  F ig u re  5 .1 1 B ), suggesting  th a t  
th e  p e r i te c t ic  re a c t io n  L + a - y  happened , though th e  re a c t io n  w as n o t c o m p le te d  due  
to  k in e t ic  lim ita t io n s . A lso , th e  th e rm o d y n a m ic  d r iv in g  fo rc e  fo r  L -»y is q u ite  la rg e  
in  th is  a llo y  due to  its  lo c a tio n  a t  th e  a / L / y  boundary , a llo w in g  th e  m a jo r ity  o f so lid  
phase fo rm in g  d ire c t ly  fro m  th e  liq u id  phase to  be y . I t  should b e  p o in te d  o u t th a t  
th e re  was o n ly  one y  o r ie n ta t io n  v a r ia n t  in  th e  cc2+y  s tru c tu re  in  th e  T i-5 5 A 1  in g o t, 
suggesting  th a t  a - a 2+y  happened d u rin g  p o s t -s o lid if ic a t io n  co o lin g .
T h e  in g o t m ic ro s tru c tu re  o f  T i-5 0 A 1  was com posed o f  la m e lla r  dom ains  and in te r ­
d o m a in  y  s e g reg a tes  as show n in F ig u re  5 .1 2 A  (y  is th e  d a rk  phase in  th e  back  
s c a tte re d  e le c tro n  im a g e ). W hen  in c re a s in g  a m o u n t o f V  w as in tro d u c e d  in  T i-5 0 A 1 , 
th e  a m o u n t o f y  s e g reg a tes  red u ced  g ra d u a lly  and a t  5 a t%  V  th e  y  se g re g a te s  w e re  
c o m p le te ly  e lim in a te d , as shown in  F ig u re  5 .12B . T h e  la m e lla r  s tru c tu re  in  th e  T i -  
50A1 in g o t was com posed o f  tw in -r e la te d  y  p la te s  and a 2 p la te s  h a b ite d  on (11 l ) y 
tw in  b o u n d aries . A s an e x a m p le , th e  T E M  im a g e  fo r  th e  la m e lla r  s tru c tu re  o f  T i -  
4 5 A 1 -5 V  a llo y  in g o t is show n in  F ig u re  5 .1 3 A . T h e  c h a r a c te r is t ic  s e le c te d  a re a  
e le c tro n  d if f r a c t io n  p a tte r n  (S A D P ) and th e  key  fo r  i t  a re  show n in  F ig u re s  5 .1 3 B  
and 5 .1 3 C , e x h ib it in g  ty p ic a l B lackb u rn  O R , <110>Y/ /< 1 1 2 0 > a2 and {11 l } Y/ / ( 0 0 0 1 ) a 2 , 
fo r  th e  a 2+y  s tru c tu re  fo rm e d  by th e  e u te c to id  re a c t io n  c t - a 2+ y  [B Ia 6 7 ]. T h e re  a re  
o rd e r  dom ains in  th e  y  la m e lla e , fo r  e x a m p le  ” 1” and 1,2U in  F ig u re  5 .1 3 A . T hese  
dom ains  a re  90° to  one a n o th e r around < 100> Y, as show n in  F ig u re  5 .1 4 , due to  th e  
im p in g e m e n ts  o f s e p a ra te ly  n u c le a te d  y  dom ains . T h e  p re s e n c e  o f tw in - r e la te d  y  
la m e lla e  in d ic a te s  th e  lo c a l absence o f a s -s o lid if ie d  y  b e fo re  c t - a 2+ y .
I t  is w o rth  p o in tin g  o u t th a t  a ltho u g h  T i-5 0 A 1  and T iA l ,  _XV X (w ith  x = 0 .0 3  to  0 .0 5 )  
h a v e  d if f e r e n t  tra n s fo rm a tio n  h is to rie s  d uring  co o lin g , th e  in g o t m ic ro s tru c tu re s  a re  
a ll c h a ra c te r iz e d  m a in ly  by la m e lla r  a 2+Y s tru c tu re s , s in ce  th e y  a ll e x h ib it  th e  
a - a 2+ y  tra n s fo rm a tio n  a t  lo w e r  te m p e ra tu re s . T h e  m o rp h o lo g ic a l s tu d ies  shown in
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T a b le  5 .3  C o m p o s itio n s  o f  phases in th e  a llo y  ingots
N o m in a l
co m p ositions
(a t% )
Phases Phase C o m p o s itio n s  
(± 0 .0 5 a t% )
T i A l V T i A l V
45 55 0 Y 4 4 .6 5 5 .4 0
a 2 56 .6 4 3 .4 0
50 50 0 Yseg 4 3 .9 56.1 0
a 2+Y 4 8 .9 51.1
50 45 5 a 2+Y 5 0 .0 4 5 .5 4 .5
50 40 10 B 2 + g> 50.1 35 .1 14.8
Y 4 5 .0 4 9 .0 6 .0
la m e lla r
y + a 2
4 7 .6 4 4 .0 8 .4
30 50 20 (3(?)+<i> 17.5 3 5 .4 47.1
Y 3 3 .7 5 0 .0 16.3
10 50 40 p+<o 6 .6 3 9 .2 5 4 .2
Y 19.3 5 7 .6 23.1
a i 3m
5 50 45 P+co 5 .2 4 2 .6 5 2 .2
a i 3m 8 .5 7 1 .2 2 0 .3
a i 8v 5 4 .0 6 0 .6 3 5 .4
0 50 50 P + G) 0 4 5 .7 5 4 .3
A18V 5 0 5 8 .6 4 1 .4
th e  la s t s e c tio n  (see also T a b le  5 .2 ), on th e  o th e r  hand, h e lped  to  e v id e n c e  w h e th e r
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th e  p r im a ry  phase d urin g  s o lid if ic a t io n  w as a  o r p and c la r if ie d  th e  d if fe re n c e  in  
th e ir  tra n s fo rm a tio n  h is to rie s .
T a b le  5 .4  C o m p ariso n  o f e q u ilib r iu m  phase tra n s fo rm a tio n  sequences and th e  
observed  s o lid if ic a t io n  processes in  T i A l j _ xV x a lloys  (S ubscrip ts  "p" fo r  p r im a ry  
phase and "seg" fo r  seg re g a te s . A  phase in  "< >" d eno tes  a re m a in in g  phase).
A llo y E q u ilib r iu m S o lid if ic a t io n
T i 0.45A 10.55 L - L + a - y L - L + a  ; th e n  L + a  - yr  r
and < c tp > -a 2+ Y
T i 0.5A 10.5 L - L + c t - a - a + y - y L - L + a + Y seg- a + Y seg
th en  a - ( a 2+ y ) E
T i 0.5A10.47V 0.03 L - L + p - a - a + y - a 2+y L - L + p + y seg; th e n  
L + p - a - a + y ;  th e n  a - a 2
T i 0.5A i0.45V 0.05 L - L + p - a - a + y - a 2+y L - L + P + a seg; th e n  
L + p - a - a + y - a 2+ y  and
a seg“' a + Y ^ a 2+Y
T h e  phase tra n s fo rm a tio n  sequences o f a llo ys  c o n ta in in g  a b o u t 5 0 a t% T i a re  shown  
in  F ig u re  5 .1 5  (th e  a c tu a l T i  c o n te n ts  o f  th e  c u rre n t T i A l j _ x V x a re  shown in  T a b le  
5 .1 ). T h e  m o rp h o lo g ic a l o bserva tio n s  o f th is  s tu d y  c le a r ly  suggest th a t  fo r  T iA l  j _XV X 
w ith  V > :3 a t% , th e  p phase fo rm e d  as th e  p r im a ry  phase d u rin g  s o lid if ic a t io n , in  
a g re e m e n t w ith  th e  p re d ic tio n  o f F ig u re  5 .1 5 .
T h e  e q u ilib r iu m  phase tra n s fo rm a tio n  sequences and th e  s o lid if ic a t io n  processes o f 
th e  a llo ys  a re  g iven  in T a b le  5 .4 . I t  is show n th a t  w hen s o lid if ic a t io n  s ta r te d  w ith  
a  phase s e le c tio n , in te r -d e n d r it ic  y s e g reg a tes  (y cpJ  fo rm e d , w h ile  those a llo ys  th a t  
s ta r te d  s o lid if ie d  w ith  p r im a ry  p phase w ou ld  have  e ith e r  in te r d e n d r it ic  Y seg w hen  
th e  V  c o n te n t was lo w e r ( fo r  e x a m p le  3 a t% ), o r in te r d e n d r it ic  a seg w hen th e  a llo y  
c o n ta in e d  m o re  V  ( fo r  e x a m p le  5 a t% ), s ince  y  w ill  be d e s ta b iliz e d  by V . T h e re fo re ,  
th e  a s -s o lid if ie d  in g o t m ic ro s tru c tu re  o f  T i-4 5 A 1 -5 V  a lloys  is fu lly  la m e lla r  w h ile  th e  
m ic ro s tru c tu re s  o f a s -s o lid ifie d  T i-4 7 A 1 -3 V  and T i-5 0 A 1  a lloys  consis t o f y
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s e g re g a te s  and la m e lla r  ( a 2+y )»
5.3.2 T h e  TiAl0 4 V 01 alloy
T h e  b a c k  s c a tte re d  e le c tro n  im a g e  (B SI) o f  sections  ta k e n  fro m  th e  c e n tre  o f  th e  
in go ts  e x h ib ite d  in te rw o v e n  lig h t  and d a rk  c o n tra s t ( la b e lle d  "M " ). L a rg e r  spaced and  
la rg e r  s ize d  lig h t  needles ( la b e lle d  "N ") w e re  observed in  th e  c e n tre  o f th e  in g o t and  
th ese  la rg e r  bands w e re  s e p a ra te d  by "M " c o n tra s t (F ig u re  5 .1 6 A ). T E M  (F ig u re  
5 .1 6 B ) show ed th a t  th e  "N " needles  seen in S EM  im ages c o n ta in e d  th e  ty p ic a l  
la m e lla r  s tru c tu re  fo rm in g  by a - a 2+ y  e u te c to id  re a c t io n .
T h e  reg io n s  b e tw e e n  th e  "N " needles  g e n e ra lly  consisted  o f  a m ix tu r e  o f y  phase in  
a (B2+G)) m a t r ix .  S A D P  fro m  th e  (B 2+ca+y) reg ions in d ic a te d  th a t  th e  o r ie n ta t io n  
re la tio n s h ip  b e tw e e n  th e  B2 and y  phases w as <101>Y/ /< 1 1 1 > B2 and (1 1 1 }Y// ( 1 0 1 } B2 
(F ig u re  5 .1 7 ). N o  G) s c a tte r in g  is d is c e rn a b le  in F ig u re  17A  due to  th e  m uch  lo w e r  
in te n s it ie s  o f g> re f le c tio n s  th a n  o th e r  phases and th e  s h o rt o p e ra t iv e  exposure t im e  
used.
A  S A D P  fro m  th e  B 2+ y  m a t r ix  a t  [1 1 0 ]B2 is shown in F ig u re  5 .1 8 A  (5 .1 8 B  is th e  key  
fo r  i t ) .  T h e  <*> phase fo rm in g  in  B 2 is o rd e re d  w ith  c ord= 2 c d isord. I t  is n o ted  in  F ig u re  
5 .1 8 A  th a t  th e  (0001 )co spots a re  p re s e n t a t  1 /3 { 1 1 1}B2 p os ition s , suggesting  th a t  th e  
co phase has a tr ig o n a l space group P 3 m l s ince th e  P 6 /m m c  space group fo r  
h exag o n a l o rd e re d  c*> s tru c tu re s  does n o t a llo w  th e  p resen ce  o f  (0001  ){0 s c a tte rs . I t  
w as n o te d  th a t  th e re  w e re  e x tr a  spots a t  1 /2 (1 12}B2 and 1 /2 ( 1 10)B2 in  th e  [1 1 0 ]B2 
p a t te r n  (F ig u re  5 .1 8 A ). H o w e v e r, t i l t in g  around  (1 10}B2 o r ( 1 12}B2 show ed th a t  th ese  
d iffu s e  m a x im a  d isap p eared  (F ig u re  5 .1 8 C  fo r  e x a m p le ), suggesting  th a t  th e y  a re  due  
to  d oub le  d if f r a c t io n  n o t due to  th e  p resen ce  o f a n o th e r phase.
D if f r a c t io n  p a tte rn s  fro m  B2+o) c o n ta in e d  h eavy  s tre a k in g  ( fo r  e x a m p le  F ig u re  
5 .1 8 D ). T h e  s tre a k in g  passing (000 ) w a s  found to  be due to  doub le  d if f r a c t io n  e f f e c t  
by t i l t in g  ( fo r  e x a m p le , th e re  is no (1 1 0 )B2 s tre a k in g  passing (000 ) in  F ig u re  5 .1 8 C ). 
T h e  re c ip ro c a l space  c o n s tru c tio n  o f B2 and o  s tre a k in g  observed  in  th is  w o rk  is 
show n in  F ig u re  5 .1 9 , w h ich  co n ta in s  doub le  la y e re d  o c ta h e d ra l shells  a t  a ll 
e q u iv a le n t (0 0 0 )B2 and (2 0 0 )B2 positions . T h e  o u te r  she ll is com posed o f (2 2 2 )B2 r e l -  
planes and th e  in n e r s h e ll is com posed o f ( 111)32  re l-p la n e s . T h e  o u te r  shells a re
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thicker than the inner one, accounting for heavier streaking passing through the base 
B2 reflections, while the thinner inner shells account for the weaker streaking 
passing superlattice reflections. This diagram shows that another reason for strong 
1/ 2{112}B2 diffuse maxima is the cross-over e ffect of such streaking, since the 
weaker inner shell and the stronger outer shell w ill cause streaking cross-overs at 
1/ 2{112)B 2 <H0> patterns. Since all streaking passing (000) are due to double
diffraction, i t  is clear that double diffraction effect can enhance the intensity at the 
cross-over points. The intensities of these cross-over quasi-maxima in B2+o> patterns 
are much stronger than for (3+o>, due to the existence of inner intensity shells in the 
B2+0) reciprocal space construction. Further details about o) structures in the Ti-A l-V 
system w ill be discussed later.
The equilibrium phase transformation sequence in Ti-40Al-10V predicted using the 
present database (Appendix II) is shown in Figure 5.20 (see also Figure 5.15). The 
equilibrium phase transformation process during cooling is:
L - L + | 3 - » ( 3 - a  + |3, then 
(3 -  B2 -  B2 + y and 
a -» a 2 + Y-
According to this prediction, the large lamellar (<x2+y) bands (”N") formed from the 
disordered a  bands which had precipitated from the disordered (3 parent phase. The 
remaining (3 matrix then underwent a disorder/order transformation to B2, followed 
by the decomposition of the B2 phase into {B2+y), followed finally by the metastabie 
precipitation of the ordered o> phase in the B2 matrix. The fact that the edges of the 
(a2+y) bands were frequently observed to be consumed by growing y grains also 
suggests that the decomposition of B2 to (B2+y) occurs at lower temperature than 
for (3-»(3+a (Figure 5.16B).
Since an ordered f3 phase (B2) would generally favour the precipitation of the 
ordered a 2 phase kinetically, i t  is reasonable to conclude that the disordered a  phase
formed from the parent (3 phase before (3-+B2 ordering.
It was noted that the as-solidified ingot microstructure contained a much lower
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volume fraction of prior a (’’N11) phase than predicted (Figure 5.16). Since the {3-B2 
ordering temperature is very close to the p/a transus (Figure 5.15), the lower 
observed volume fraction of prior a structure "N" at the ingot centre can be 
attributed to the high temperature ordering in the parent P phase since an ordered 
p phase (B2) w ill kinetically hinder the formation of a disordered phase (a).
To verify whether the predicted a volume fraction is correct, the alloy was heated 
at 1673K for 1.5hrs, followed by furnace cooling to 1473K, annealed at 1473K for 
24hrs, and then quenched into water. The back scattered electron image (BSI) of this 
heat treated sample is shown in Figure 5.21A, which exhibits light and dark phase 
regions with about 60-70% dark phase. TEM showed that the dark region is a 2 and 
the light one is composed of B2 m atrix and a 2 needles (Figure 5.21B). The light 
region in Figure 5.21A is, therefore, the prior B2 region at 1473K. Thermal APBs 
observed in a 2 grains (Figure 5.22) clarify that a -a 2 ordering did happen in this alloy 
during cooling. The ct (ordering to a 2 during cooling) volume fraction is clearly very 
close to the predicted value (60-70%).
This experiment also showed that the B2+ct+ct2+y coexistence temperature is below 
1473K, due to the presence of thermal APBs in a 2. According to Hashimoto et 
al[Has86], the y+a2+p(actually B2) region is stable at least up to 1273K (1000°C). 
The B2+a+a2+y coexistence temperature predicted by this work (Figure 5.15) is 
1353K (1080°C), which is between 1273 and 1473K and is considered to be in good 
agreement with the observations. The experimental liquidus projection [Par91] and 
the lower temperature experimental isothermal sections [Ahm92,94, Mea88 , Has86 , 
Par91] can thus be incorporated in a single thermodynamic database (Appendix II).
The y phase in the (B2+co+y) regions had a rod morphology, as shown in Figures 5.23 
and 5.24 which show different sections of the (B2+a)+y) regions. The interfaces 
between y and B2 were {II2 }y or {211)Y//{211}B2.
T il t in g  th e  sp ec im en  to  < 110> Y in d ic a te d  th a t  a lm o st a ll y g ra ins  c o n ta in e d  p la n a r  
d e fe c ts  on {112}^ (F ig u re  5 .2 4 ). W hen th e  spec im en  was t i l te d  aw ay  fro m  < 110> 
c o n tra s t produced  by in c lin ed  p la n a r d e fe c ts  w ould ap pear in th e  y phase (F ig u re  
5 .2 4 B ). C B E D  p a tte rn s  fro m  a d ja c e n t y reg ions se p a ra te d  by th e  p la n a r d e fe c ts
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showed that the <110> zone axis angles between them were around 0.2° (Figure 
5.25).
Since the y/B2 interfaces were {112}^ / /  {211}B2 or {211} / /  {211}B2> it  is suggested 
that these planar defects in the y phase were formed by a grow-in mechanism of 
separately nucleated y grains. When the inter-y-grain B2 was nearly consumed 
completely, a very thin layer of remnant B2 could give rise to the contrast of the 
planar defects in the y phase. Thus the planar defects found in the y phase suggest 
that at the beginning of y precipitation from the B2 matrix, the y/B2 interfaces 
were s tric tly  {112}^ / /  {211}g9 or {211}^ / /  {211}g9. Inkson, Boothroyd and 
Humphreys [Ink93] reported the (112}^ / /  {211}g9 interfaces in their study of y/B2 
interfaces, but the result was not conclusive because the interfaces were curved. 
This curvature was probably associated with the process of y growth.
5.3.3 T iA lj _XVX (x=0.15, 0.25) Alloys
The predicted solidification paths are the same for both alloys and are shown in
Figure 5.15:
L -  L+P -  p -  B2 -  B2+a2.
Table 5.5 EDX results of the Ti-25A1-25V alloy ingot
POSITION COMPOSITION (at%)
Al Ti V
clear inter-patch 26.35 49.35 24.30
mottled patch 24.39 51.25 24.36
average 25.10 50.56 24.34
TEM investigation showed that both alloy ingots had similar microstructures which 
can be represented by the microstructure of Ti-25A1-25V. Both alloy 
microstructures near the ingot/mould interfaces were composed of B2 and diffuse 
G). Figure 5.26A shows the near mould ingot microstructure of Ti-25A1-25V,
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exhibiting B2 grains containing mottled contrast. Electron d iffraction showed that 
the mottled contrast is due to the presence of the diffuse co phase.
Chemical segregation was found in the TEM thin foils sampled far away from the 
ingot/mould interface. For example, the TEM image taken from the centre of the 
Ti-25A1-25V ingot is shown in Figure 5.26B, which exhibits mottled patches and 
inter-patch networks. EDX analysis showed that the mottled patches are slightly 
richer in Ti ( = lat%, see Table 5.5) than the inter-patch network. The <100> SADPs 
taken from the mottled patches showed extra spots in addition to those of the B2 
matrix (Figure 5.27A).
The extra spots in Figure 5.27A are due to the existence of two variants of cc2 
precipitates with the <001 >B2^<0112>a2 and {100)B2/ / { 220 1}a2 orientation 
relationship between the two phases, together with double diffraction spots. The key 
to Figure 5.27A is shown in Figure 5.27B and C. The clear B2 single phase network 
in Figure 5.26B is thought to be the interdendritic regions during solidification which 
were slightly richer in Al due to solute segregation, while the mottled patches were 
originally the primary (3 phase where a 9 formed during post-solidification cooling. 
The homogeneous distribution and the ultra fine particle size of the a 2 phase suggest 
that these a 2 particles may have nucleated from the previous homogeneously 
nucleated diffuse <0 phase since the low undercooling experienced in the alloy ingots 
could not lead to homogeneous nucleation of the a 2 phase. Fine a 2 particles were 
present in sections far away from the mould surface, due to the longer thermal 
exposure in the ingot centre where cooling rate was low. The Ti-rich primary |3 
phase could offer better conditions for cc2 formation since the a 2 is richer in Ti. 
Blackburn and Williams[Bla68] showed in a Ti-20V alloy that cc phase platelets could 
nucleate at o>/p boundaries and these platelets then grew at the expense of the o> 
phase to give a very fine distribution of cc phase, which subsequently coarsened 
during further heat treatment.
5.3.4 TEM Study of A lV j_xT ix alloys
The equilibrium Ti-Al-V vertical section at 50at%Al calculated by this work is shown 
in Figure 5.28. The predicted equilibrium transformation sequences and observed
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ro o m  te m p e ra tu re  m ic ro s tru c tu re s  in  th e  a s -s o lid if ie d  ingo ts  o f  th ese  a llo ys  a re  
s u m m a riz e d  in  T a b le  5 .6 . C o m p o s itio n s  o f  phases p re s e n t in  th e s e  a llo y  ingots  a re  
l is te d  in  T a b le  5 .3 . C ase  stud ies  o f A 1 -5 0 V  and A l-3 0 T i-2 0 V  a llo ys  w i l l  be  p re s e n te d  
b e lo w .
— 0.5—0.5 a l l° Y :
F ig u re  5 .2 9 A  shows th e  in g o t m ic ro s tru c tu re  o f A1q 5Vq 5 . B lo c k y  p a rt ic le s  o f  th e  
A18V 5 phase a p p ear in  th e  (3 phase m a t r ix  c o n ta in in g  m o tt le d  c o n tra s t. T h e  
d if f r a c t io n  p a tte rn s  a t  [100] p and [ 110] p a re  shown in  F ig u re s  5 .2 9 B  and 5 .2 9 C , 
show ing  a c o h e re n t o r ie n ta t io n  re la tio n s h ip  b e tw e e n  A lg V 5 and p . T h e  co m p o s itio n  
o f th e  p phase was d e te rm in e d  by E D X  analys is  as Vq 531 A Iq  and th e  phase A lg V 5 
had th e  c o m p o s itio n  A 1q 596Vq 4q4 .
D if f r a c t io n  p a tte rn s  fro m  th e  p m a t r ix  re v e a le d  d iffu s e  s tre a k in g  to g e th e r  w ith  
d iffu s e  m a x im a . P a tte rn s  fro m  [1 0 0 ]p , [1 1 0 ]p and [ 1 1 2 ]p a re  show n in F ig u re  5 .3 0 . 
T h e  d iffu s e  s tre a k in g  shown in  th ese  fig u re s  is in  good a g re e m e n t w ith  th a t  a ris in g  
f r o m  th e  d iffu s e  to phase. T h e  ty p ic a l s tre a k in g  d ire c t io n  p e rp e n d ic u la r  to  (222 ) p 
suggests th a t  th e  d iffu s e  o> phase is o f rod  m o rp h o lo gy  a long  <222> p / /< 0 00 1>(O 
[Sas72, S in 94 ], T h e  d iffu s e  s tre a k in g  passing th rough  (000 ) was e lim in a te d  fro m  th e  
d if f r a c t io n  p a tte r n  by t i l t in g  around th e  co rresp o n d en t re c ip ro c a l v e c to r , fo r  
e x a m p le , t i l t in g  around ( 110 )p w ou ld  e lim in a te  th e  s tre a k in g  passing (000) and ( 110 )p 
(F ig u re  5 .3 0 B ), in d ic a tin g  th a t  such s tre a k in g  is due to  d oub le  d if f r a c t io n .
T h e  o r ig in  o f  th e  d iffu s e  re f le c t io n s  in  th e s e  d if f r a c t io n  p a tte rn s  can  be show n in  
re c ip ro c a l space as F ig u re  5 .3 1 A , and is due to  th e  p resen ce  o f  o c ta h e d ra l shells a t  
th e  o c ta h e d ra l c e n tre s  o f th e  p re c ip ro c a l space. T h e  fa c e ts  o f th e  o ctah edron s a re  
p a ra lle l  to  {111} re l-p la n e s  o f th e  p phase. T h e  s tre a k in g  c o n tra s t in  a s e le c te d  a re a  
e le c tro n  d if f r a c t io n  p a t te r n  can  be p re d ic te d  by c u tt in g  F ig u re  5 .3 1 A  a long  
c o rre s p o n d e n t L a u e  p lanes . T h e  p re d ic te d  [ 110] p and [ 100] P p a tte rn s  a re  show n in  
F ig u re s  5 .3 1 B  and 5 .3 1 C  as e x am p les . I f  th ese  a re  c o m p a re d  to  F ig u re  5 .3 0 , th e  
a g re e m e n t is c le a r ly  v e ry  good. T h e  e x tr a  spots a t  1 /2 ( 1 12) p in  th e  [ 110] p p a tte r n  
w e re  p roduced  by doub le  d if f r a c t io n  s ince  t i l t in g  around { 112} can  e lim in a te  th e m .
It is evident from Figure 5.30 that the intercepts of the w streaking with the line
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th ro u g h  (000 ) and (222 ) p a re  n o t a t  th e  positions o f  c ry s ta l lin e  phase. T h e  
s tre a k in g  o> m a x im a  s h if t  to w ard s  th e  p o s itio n  o f ( l l l ) p .  F u r th e r  d e ta ils  ab ou t co 
p hase fo rm a tio n  w i l l  be  p re s e n te d  la te r .
T a b le  5 .6  C o m p ariso n  o f e q u ilib r iu m  phase tra n s fo rm a tio n  sequences, th e  observed  
a s -s o lid if ie d  in g o t s tru c tu re s  and th e  observed  p r im a ry  phase d u rin g  s o lid if ic a t io n .
A llo y E q u ilib r iu m In g o t s tru c tu re s P r im a ry
phase
A10.5V 0.5 L - * L + p - p - p + A lg V 5 P +A lg V  5"+^ ) P
A 10.5T i 0.05V 0.45 L - L + p - p - p + A l g V 5 
-* P + A lg V ^ + y  
-P + A 1 8V 5+A13M
- P + a i 3m
- Y  + P + A I3M
P + A lg V ^ + A ^ M + c o  
(M  = T i,V )
P
A 10.5T i 0.1V 0.4 L - L + p - p - p + y
- P + y +a i 3m
P +Y+A 13M +g) 
(M  = T i,V )
P
A 10.5T i 0.3V 0.2 L - 'L + p - p - p + y P +Y +w P
T h e  e q u ilib r iu m  phase tra n s fo rm a tio n  sequence p re d ic te d  by th is  w o rk  is 
L -* L + p -”P - ‘ p + A lg V 5 , w h ile  th e  observed  phase tra n s fo rm a tio n  seq uence d uring  in g o t  
s o lid if ic a t io n  is:
L to L + p -p -p + A lg V ^  and th e n  
p-^ p+co.
A IT iq  3V 0 2 A llo y :
T h e  ty p ic a l m ic ro s tru c tu re  o f th e  a llo y  in g o t is shown in F ig u re  5 .3 2 A  ta k e n  a t  
[ l l l j p ,  w h ic h  co n ta in s  th in  la ye rs  o f th e  p r io r  p phase b e tw e e n  th ic k  y  bands fo rm e d  
d u rin g  p o s t-s o lid if ic a t io n  co o lin g . S ince  th e  o r ie n ta t io n  re la tio n s h ip  (O R ) b e tw e e n
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p and y  is ab ou t 7 ° o f f  th e  [ l l l ] p / / [ 1 0 1 ] Y O R  e x is t in g  in  th e  T i -4 0 A l- 1 0 V  a llo y , th e  
[ l l l ] p  p a t te r n  (F ig u re  5 .3 2 B ) does n o t c o n ta in  a ty p ic a l [1 0 1 ]Y p a t te r n . H o w e v e r , th e  
(1 1 0 ) p / / ( l  1 1)Y p la n e  p a ir  O R  is s t r ic t ly  o beyed . T i l t in g  a ro u nd  (110 )p  to  [1 0 1 ]Y 
show ed th a t  th e  y  bands a re  tw in - r e la te d  and th e  in te r fa c e  b e tw e e n  y  and P is 
a p p ro x im a te ly  ( l l l ) Y/ / (1 1 0 )p  (F ig u re  5 .3 3 ), w h ic h  is d i f f e r e n t  f r o m  th a t  in  th e  T i -  
4 0 A 1 -1 0 V  a llo y  in g o t.
T h e  [001 ] and [110] S A D P s ta k e n  fro m  th e  P phase e x h ib it  d if fu s e  m a x im a  s p lit t in g  
around  th e  {100}p  s u p e r la t t ic e  positions  fo r  th e  o rd ered  p (B 2 ) phase (F ig u re s  5 .3 4 A ). 
T h e  c h a ra c te r is t ic  fe a tu r e  o f th ese  d if fu s e  m a x im a  s p lit t in g  is d i f f e r e n t  fro m  th a t  
o f th e  d iffu s e  g> phase. F ig u re  5 .3 4 C  shows th e  d iffu s e  g> s tre a k in g  (d o tte d  lines) 
to g e th e r  w ith  th e  d iffu s e  m a x im a  s p lit t in g  p re s e n t in  F ig u re  5 .3 3 A , th e  [001] p 
p a t te r n . I t  is c le a r  th a t  th e  d iffu s e  s tre a k in g  a ris in g  fro m  th e  o c ta h e d ra l d iffu s e  
shells  o f  th e  ca phase (d o tte d  lines) a re  4 5 ° to  th e  s tre a k in g  c o n n e c tin g  e v e ry  fo u r  
d iffu s e  m a x im a  s p lit t in g  around {100}p  in  F ig u re  5 .3 4 A . T h e r e fo re , th e  above  
m e n tio n e d  d iffu s e  m a x im a  s p lit t in g  a re  n o t fro m  th e  g) phase. C o m p a ris o n  o f F ig u res  
5 .3 4 B  and 5 .3 4 D  shows th a t  w e a k  d if fu s e  g> s tre a k in g  is also p re s e n t in  th e  [ 110] p 
p a tte r n , in  a d d itio n  to  th e  above  m e n tio n e d  d iffu s e  m a x im a  s p li t t in g  around  { 100}p .
D if fu s e  m a x im a  s p lit t in g  around s u p e r la t t ic e  positions has been  observed  in  C ^ P d ^  _c 
a llo ys  c o n ta in in g  s tron g  s h o rt ra n g e  o rd e rin g (S R O ) [O hs73]. G y o r f fy  and S tocks  
r e la te d  th e  S R O  d iffu s e  m a x im a  s p lit t in g  to  F e rm i-s u r fa c e  n e s tin g [G y o 8 3 ]. A  
c o m p le te  q u a n t ita t iv e  d e s c rip tio n  o f S R O  d iffu s e  s c a tte r in g  is n o t a v a ila b le  a t  
p re s e n t. E x p e r im e n ta l e v id e n c e  fo r  S R O  includes:
i) d if fu s e  m a x im a  s p lit t in g  around s u p e r la t t ic e  p os ition s[O h s73],
i i )  d if fu s e  s c a tte r in g  corresp o nd ing  to  c o rru g a te d  sheets  in  re c ip ro c a l s p a c e [B il72 ] 
w h ic h  w as in te rp re te d  by S auvag e  e t  a l in  te rm s  o f  s h o rt ra n g e  o rd e rin g  o f  
v a c a n c ie s [S a u 7 3 ], and
i i i )  b ro ad en in g  o f s u p e r la t t ic e  spots [O k a 7 1 ],
I t  is th e re fo r e  th o u g h t th a t  th ese  d iffu s e  m a x im a  s p lit t in g  observed  in  th e  A l - 3 0 T i -  
2 0 V  a llo y  w e re  caused by sh o rt ra n g e  o rd e rin g  in th e  B2 phase d ue to  s im ila r ity  to  
[G y o 8 3 ]. I t  has been  found in th is  study and by [A h m 94] th a t  B2 is q u ite  s ta b le  n ear
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th e  ( a 2+ B 2 + y ) re g io n , w h ile  w hen  th e  a llo y  co m p os ition s  ap p ro ach  th e  b in a ry  T i -V  
and A l - V  edges, th e  te n d e n c y  o f  p - B 2  o rd e rin g  is red u c e d . T h e  o b s e rv a tio n  o f S R O  
d if fu s e  s c a tte r in g  in  th is  s tu d y  supports  th e  suggestion  th a t  p - B 2  o rd e rin g  in  th e  T i -  
A l- V  s y s te m  is a second o rd e r phase tra n s fo rm a tio n . I t  should b e  p o in te d  o u t th a t  
th e  P phase c o m p o s itio n  is A1q 3 5 ^ 0  175VQ 471, though th e  a llo y  c o n ta in s  5 0 a t% A l  
(T a b le  5 .3 ).
5 .4  G E N E R A L  D IS C U S S IO N  O F IN G O T  M IC R O S T R U C T U R E S
T h e  th e rm o d y n a m ic  p re d ic tio n s  m a d e  using th e  p re s e n t d a ta b a s e  can  e x p la in  th e  
phase tra n s fo rm a tio n s  observed  in  a llo y  ingo ts  o f variou s  c o m p o s itio n s . In  th e  a llo y  
in g o ts , phase tra n s fo rm a tio n s  d u rin g  co o lin g  w e re  suppressed to  d if f e r e n t  e x te n t , due  
to  k in e t ic  lim ita t io n s . F o r  e x a m p le , th e  B 2 -B 2 + y  d ec o m p o s itio n  was c o m p le te ly  
suppressed in  T i-4 0 A 1 -2 0 V , and th e  B 2 -B 2 + c t2 re a c t io n  was c o m p le te ly  suppressed  
a t  th e  n e a r-m o u ld  in g o t s u rfa c e  o f th e  T i-2 5 A 1 -2 5 V  and T i-3 5 A l- 1 5 V  a llo ys .
A lth o u g h  B2 is a m e ta s ta b le  phase in  b o th  th e  T i - A l  and A l - V  sys tem s, a s ta b le  B2  
phase f ie ld  is p re d ic te d  fo r  te r n a r y  a llo ys . T h e  p o s itiv e  in te r a c t io n  p a ra m e te r  in th e  
P phase o f T i - V  favo u rs  b e ta  phase s e p a ra tio n  r a th e r  th a n  B2 o rd e rin g . O n th e  
o th e r  hand th e  p resen ce  o f  A l in  T i - A l - V  favo u rs  B2 fo rm a tio n  due to  th e  high  
n e g a t iv e  e n th a lp y  o f m ix in g  b e tw e e n  A l and b o th  T i  and V  w h ic h  encourages  u n lik e  
neighbours . T h is  also e xp la in s  w h y  th e  B 2 phase has on ly  been  observed  in  T i -A l- (N b ,  
F e , V , M o) a lloys  w ith  g e n e ra lly  m o re  th a n  8 a t%  A l [W il8 5 , B en90 , D a s 9 3 , A h m 9 4 ].
T h e  p re s e n t th e rm o d y n a m ic  m o d e llin g  has co nsidered  P -B 2  o rd e rin g  as a second  
o rd e r tra n s fo rm a tio n . T h is  has been e x p e r im e n ta lly  c o n firm e d  by th e  o b s e rv a tio n  o f  
S R O  d iffu s e  m a x im a  in th e  P phase n e a r th e  A l-V  ed ge , s in ce  a second o rd e r  
o rd e rin g  process is c h a ra c te r iz e d  by a g rad u a l in c re a s e  o f  th e  long ra n g e  o rd e r  
p a ra m e te r  L 0 , w h ich  is d e fin e d  as:
l 0 = V a - x a ) / U - x a )
where X A is the mole fraction of A in the alloy and rA is the probability that an A
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s u b la tt ic e  is o ccup ied  by th e  " r ig h t” a to m  A . L 0= l  d e fin e s  a fu l ly  o rd e re d  a llo y  and  
L o=0 d eno tes  a c o m p le te ly  ra n d o m  d is tr ib u tio n [P o r9 2 ].
T h e  p re d ic te d  p /B 2  b oundaries  and e x p e r im e n ta l e q u ilib r iu m  and m e ta s ta b le  (3/B2  
co m p osition s  a re  show n in  F ig u re  5 .3 5 . I t  is a p p a re n t th a t  th e  p re d ic t io n  agrees w ith  
[A h m 9 4 ] q u ite  w e ll a t  8 7 3 K  and th e  B 2 c o m p o s itio n  ra n g e  in  th e  a s -s o lid if ie d  a llo y  
ingo ts  o f  th is  s tudy is even  s m a lle r  th a n  [A h m 9 4 ]. T h e  re s u lts  show n in  [A h m 94] 
w e re  fo r  a llo ys  w ith  long e q u ilib ra tio n  t im e , w h ile  th e  re s u lts  o f th is  s tu d y  a re  fo r  
c o n tin u o u s ly  cooled  ingots . T h e  co o lin g  ra te s  in th ese  ingots  c le a r ly  d id  n o t a llo w  
c o m p le te  phase e q u ilib r ia , and i t  is possib le th a t  th e  p - B 2  o rd e rin g  was suppressed  
in  a llo ys  n e a r th e  p /B 2  bou n d ary . I t  is also w o rth  m e n tio n in g  th a t  [A h m 9 4 ] d id  n o t 
show  d if f r a c t io n  p a tte rn s  fo r  a lloys  n e a r th e  p /B 2  b o u n d ary , and th a t  i t  is n o t c le a r  
w h e th e r  [A h m 9 4 ] c la s s ifie d  S R O  in to  B 2. A ls o , s h o rt ra n g e  o rd e r can  be ev id e n c e d  
e x p e r im e n ta lly  o n ly  w hen  L Q is q u ite  la rg e .
A lth o u g h  th e  p re s e n t m o d e llin g  w o rk  m akes  a b e t te r  p re d ic t io n  o f  th e  p - B 2  o rd e rin g  
th a n  th e  In d en [In d 75 ] and Saunders II[S au 94 ] m o d e ls , i t  does n o t in c lu d e  th e  e f fe c ts  
o f s h o rt ra n g e  o rd e rin g . Inden and P its c h  p o in te d  o u t th a t  th e  C lu s te r  V a r ia t io n  
M e th o d  (C V M ) w i l l  g iv e  m o re  a c c u ra te  re n d e rin g  o f phase e q u ilib r ia  in  o rd e rin g  
sys te m s [In d 9 1 ]. H o w e v e r , C V M  has n o t y e t  been p ro p e r ly  in te g ra te d  in to  any  
c o m m e rc ia lly  a v a ila b le  C a lp h a d  s o ftw a re  fo r  m u lt ic o m p o n e n t sys tem s.
O m e g a  fo rm a tio n  has been observed  in th e  m e ta s ta b le  P /B 2  phase o f variou s  
co m p os ition s . T h e  ca phase observed  in  th is  w o rk  is in c o m m e n s u ra te  to  th e  P /B 2  
m a t r ix  w ith  d i f f e r e n t  e x te n t  o f |a | (see F ig u re  2 .3 .4  fo r  d e f in it io n ) , depend ing  on 
a llo y  co m p o s itio n s . F u r th e r  d e ta ils  ab o u t (a fo rm a tio n  w i l l  be  p re s e n te d  in  th e  
fo llo w in g  c h a p te r .
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F ig u re  5.1  A llo y s  in v e s tig a te d  in  th is  w o rk  superim posed  on th e  liqu idus p ro je c tio n  
(A ) and th e  1 1 7 3 K  is o th e rm a l s e c tio n  (B) c a lc u la te d  using th e  p re s e n t  
d a ta b a s e (A p p e n d ix  II ) .
(A)
X(LIQ,TI)
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F ig u re  5 .2  S E M  im a g e  show ing th e  s u rfa c e  m o rp h o lo gy  o f  th e  T i-5 5 A 1  in g o t.
F ig u re 5 .3  S E M  im a g e  show ing th e  s u rfa c e  m o rp h o lo gy  o f th e  T i-5 0 A 1  in g o t.
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F ig u re  5 .4  S E M  im a g e  show ing th e  s u rfa c e  m o rp h o lo gy  o f th e  T i-4 7 A 1 -3 V  in g o t.
F ig u re  5 .5  S E M  im a g e  show ing th e  s u rfa c e  m o rp h o lo gy  o f th e  T i -4 0 A l-1 0 V  in g o t.
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Figure 5.6 SEM image showing surface striations on the Ti-40Al-10V ingot.
Figure 5.7 SEM image showing the surface morphology of the Ti-35Al-15V ingot.
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Figure 5.10 SEM image showing the surface morphology of the Al-30Ti-20V ingot.
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F ig u re  5.11 Cross s e c tio n  o f th e  T i-5 5 A 1  in g o t: (A ) B ack s c a tte re d  e le c tro n  im a g e , 
and (B) T E M  im a g e . T h e  in s e rt in  (B) is a S A D P  fro m  th e  w h o le  a re a  in  (B ), show ing  
th e  e x is te n c e  o f a s in g le  y  o r ie n ta t io n  v a r ia n t . T h e  o r ie n ta t io n  re la tio n s h ip  b e tw e e n  
y and « 2 is [ 101 ]Y/ / [ 2lT o ]a2 and (1 lT ) Y/ / ( 000l ) a 2 .
130
Chapter 5 Study of Ingot Microstructures
F ig u re  5 .1 2  BSI o f th e  cross s e c tio n  o f  th e  T i-5 0 A 1  in g o t (A ) and S E I o f  th e  cross 
s e c tio n  o f th e  T i-4 5 A 1 -5 V  in g o t (B ).
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F ig u re  5 .1 3  (A ) T y p ic a l T E M  m ic ro g ra p h  fo r  th e  T i-4 5 A 1 -5 V  in g o t, (B) S A D P  a t  
[1 1 0 ]y and (C ) th e  k e y  to  (B ), show ing [1 10]y / / [ 2 1 1 0 ]a2 and (111 )y / / ( 0 0 0 1 )a 2 - T h e  
a rro w  in  (A ) in d ic a te s  th e  (1 1 1 )y // (0 0 0 1  )a2 p la n e  norm als .
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F ig u re  5 .1 4  S A D P s  fro m  ne ig h bo u ring  o rd e r dom ains in  th e  y  la m e lla e , "1" and "2" 
in  F ig u re  5 .1 3 A : [100] fro m  ” 1” (A ) corresponds to  [001] fo r  "2" (B ) a t  th e  sam e  
sp e c im e n  o r ie n ta t io n , and [101] fo r  " 1" (C ) corresponds to  [110] fo r  ”2 " (D ).
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F ig u re  5 .1 5  A  v e r t ic a l  s e c tio n  a t  5 0 a t% T i c a lc u la te d  by th is  w o rk , show ing th e  
in v e s tig a te d  a llo y  co m p osition s . S o lid  lines show phase e q u ilib r ia  w ith  B 2 and th e  
corresp o nd ing  d o tte d  lines show e q u ilib r iu m  w ith  (3. T h e  superim posed  e x p e r im e n ta lly
ft -»R9
d e te rm in e d  T q p d a ta  w e re  d e r iv e d  fro m  [A h m 9 4 ]. T h e  d a ta  show n as open arrow s  
d e n o te  T q  h ig h er th a n  1 4 73K .
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Figure 5.16 Back scattered electron image (A) and TEM image (B) of the centre of 
the Ti-40Al-10V ingot. Notice the contrast features labelled as "M" and "N".
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Figure 5.17 (A) SADP from the "M" region, showing two variants of y in a B2 
matrix. (B) key to (A), where big circles represent B2 and small ones represent y. 
(C) is the [111]B2 MDP from the matrix B2, and (D) corresponding MDP from a B2/y 
boundary. Notice the y  phase consuming the "N" band in (B).
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F ig u re  5 .1 8  (A ) D if f r a c t io n  p a tte rn  fro m  th e  B2 m a t r ix  a t  [1 1 0 ]B 2. (®) K e y  t0 ^  
show ing  th e  p resence o f fo u r v a r ia n ts  o f an o rd e re d  <a phase. (C ) O f f -a x is  [ 110]B2 
p a tte r n  o b ta in e d  by t i l t in g  s e v e ra l d egrees  around (1 1 0 )B 2. (D ) S A D P  a t  [0 0 1 1B 2.
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F ig u re  5 .1 9  R e c ip ro c a l space  c o n s tru c tio n  to  ac c o u n t fo r  th e  s tre a k in g  e f f e c t  in th e  
B 2 + g> s tru c tu re .
F ig u re  5 .2 0  C a lc u la te d  change o f m o le  fra c tio n s  o f phases as a fu n c tio n  o f  
te m p e r a tu re  fo r  e q u ilib r iu m  phase tra n s fo rm a tio n s  in  T i-4 0 A l-1 0 V .
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F ig u re  5 .21  BSI (A ) and T E M  (B) im ages o f th e  cross s e c tio n  o f  th e  T i-4 0 A l-1 0 V  
in g o t a f t e r  quench ing  fro m  1473K  in to  w a te r . T h e  d a rk  c o n tra s t in (A ) corresponds  
to  th e  s in g le  a 2 reg io n  in (B ), and th e  lig h t reg io n  in  (A ) corresponds to  th e  
B 2 + a 2(n eed le ) reg io n  in (B ).
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F ig u re  5 .2 2  (A ) T E M  im a g e  o f th e  a 2 re g io n , e x h ib it in g  th e rm a l A P B s in th e  a 2 
phase, (B) th e  co rresp o nd ing  S A D P  a t  [1 1 2 0 ]a 2 , and (C ) [1 1 2 0 ]a2 M D P .
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F ig u re  5 .2 3  M o rp h o lo g ies  o f th e  y  phase in th e  T i -4 0 A l-1 0 V  in g o t a t  d i f f e r e n t  cross 
s e c tio n s , in d ic a tin g  th a t  th e  y  phase has a rod  m o rp h o lo g y . T h e  a rro w  in (B) 
in d ic a te s  th e  p lan e  n orm als  ( 1 12)B2//(2 1  l ) y .
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F ig u re  5 .24  T E M  im ages o f th e  T i -4 0 A l-1 0 V  ingo t c e n tre , show ing th e  p resence o f  
{ 1 12)Y p la n a r d e fe c ts  w h ich  s e p a ra te  th e  y phase in to  reg ions o f th e  sam e zone axis. 
(A ) was ta k e n  a t  [011 ]Y and (B) o f f  [ 101 ]Y , e x h ib it in g  in c lin ed  p la n a r d e fe c ts .
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F ig u re  5 .2 5  C B E D P s  ta k e n  fro m  tw o  a d ja c e n t y reg ions ("J" and "K " in F ig u re  
5 .24B ) a t  [ 101 ]Y. T h e  ang le  b e tw e e n  th e  zone axes o f th e  tw o  reg ions is around 0 .2 °  
as shown by th e  d e v ia tio n  o f th e  zone axis o f (B) fro m  th e  e le c tro n  b eam  d ire c tio n .
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F ig u re  5 .2 6  T E M  im ages o f: (A ) n e a r-m o u ld  T i-2 5 A 1 -2 5 V  in g o t m ic ro s tru c tu re , and 
(B) m ic ro s tru c tu re  o f  in g o t c e n tre  show ing  m o tt le d  p a tch es  is o la te d  by c le a r  
n e tw o rk s .
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F ig u re  5 .2 7  (A ) S A D P  fro m  th e  m o tt le d  p a tc h e s , (B) and (C ) a re  s c h e m a tic  d iag ram s  
show ing th e  p resen ce  o f tw o  v a r ia n ts  o f  a 2 p re c ip ita te s . E x tra  spots a p a r t  fro m  
those  show n in  (C ), a re  due to  doub le  d if f r a c t io n  e f fe c ts . T h e  o r ie n ta t io n  re la tio n s h ip  
show n in  (B ), [0 0 1 ]B2/ / [ 0 1 1 2 ]a2 and ( 1 10 )B 2/ / ( 2 2 0 1 ) a 2 , d e v ia te s  fro m  th e  g e n e ra lly  
observed  B urgers  o r ie n ta t io n  re la tio n s h ip  b e tw e e n  a  and p , [11 l ] p / / [ l  1 2 0 ]a and 
( 1 1 0 )p // (0 0 0 1 )a , by about 6°. (d )  is a [0 1 12 )a2 M D P  w h ich  can  be c o m p a re d  w ith
th e  squares in (B ).
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F ig u re  5 .2 8  T i - A l - V  v e r t ic a l  s e c tio n  a t  5 0 a t% A l c a lc u la te d  by th e  p re s e n t w o rk  (6 
denotes  A lgV 5 and £ d eno tes  A13M ). H e a v y  lines show phase e q u ilib r ia  w ith  B2 and  
d o tte d  lines  show  corresp o nd ing  e q u ilib r ia  w ith  (3. N o te  th e  su perim posed  m e ta s ta b le  
m e lt in g  p o in ts  o f  a  and y  , as w e ll as th e  (3 -B 2  o rd e rin g  te m p e ra tu re .
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F ig u re  5 .2 9  (A ) T E M  im ag e  o f A 1 -5 0 V  in g o t. (B) and (C ) S A D P s a t  [0011 p / /  A18V5 and 
[ 1 ! 1 ] p / / A18V5 re s p e c tiv e ly .
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F ig u re  5 .3 0  S A D P s fo r  w + p  a t  (A ) [1 0 0 ]p , (B) o ff -a x is  [1 0 0 ]p , (C ) [1 1 0 ]p , and (D )
[112] p.
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F ig u re  5 .31  R e c ip ro c a l c o n s tru c tio n  o f  th e  (3+o> s tru c tu re  (A ), and p re d ic te d  [ l lO jp  
(B) and [ 110] p (C ) p a tte rn s .
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F ig u re  5 .3 2  (A ) T E M  im a g e  o f th e  A l-3 0 T i-2 0 V  in g o t, (B) co rresp o nd ing  S A D P
c o n ta in s  (3 and y> and (C ) co rresp o nd ing  [11 l ip  M D P .
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F ig u re  5 .3 3  (A ) T E M  im a g e  o b ta in e d  by t i l t in g  th e  sp e c im e n  fro m  [11 l ip  (th e
p o s itio n  in  F ig u re  5 .3 2 ) to  [ 101 )Y , show ing  la m e lla r  y  + P s tru c tu re . (B) is th e  
corresp o nd ing  S A D P  and (C ) is a M D P  fro m  a y  la m e lla . T h e  in te r fa c e  b e tw e e n  (3 
and y  is ( 110 ) p / / (  111 )y .
, +
•  •  •
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1 •  •  •
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F ig u re  5 .3 4  S A D P s fro m  th e  (3 phase in F ig u re  5 .3 2  a t  (A ) [0011 p and (B) [ 110]p. (C ) 
and (D ) a re  s c h e m a tic  d iag ram s fo r  (A ) and (B ), w ith  d o tte d  lines show ing th e  fe a tu re  
o f d iffu s e  a) s tre a k in g  and s m a lle r  p o in ts  show ing S R O  d iffu s e  m a x im a  s p litt in g .
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F ig u re  5 .3 5  C a lc u la te d  is o th e rm a l sec tion s  a t  (A ) 1 1 7 3 K  and (B) 9 7 3 K  superim posed  
w ith  m e ta s ta b le  p /B 2  co m p osition s . T ria n g le s  a re  fro m  th is  w o rk  w ith  open tr ia n g le s  
fo r  P and f i l le d  ones fo r  B 2. T h e  f i l le d  c ir c le  shows th e  p phase w hose S A D P s  
c o n ta in  S R O  d iffu s e  m a x im a  (th is  w o rk ).
(B)
0B2-Ahm91 
0 BCC-Ahm91 
y NS_BCC/B2_CALC
u.^ f u.S 0.8
m o le_ fra ctio n  al
153
C H A P T E R  6
M E T A S T A B L E  P H A S E  T R A N S F O R M A T I O N S  
I N  M E L T  S P U N  A L L O Y  R I B B O N S
6.1 IN T R O D U C T IO N
F ir s t ly ,  th e  e x p e r im e n ta lly  observed  m ic ro s tru c tu re s  in m e l t  spun a llo y  ribbons w ill  
b e  p re s e n te d  in  th is  c h a p te r . A l l  re s u lts  a re  fo r  5 0 u m  th ic k  ribbons p roduced  in  th e  
M a rk o  m e lt  sp in n er unless th e re  is s p e c if ic  m e n tio n  o f th e  rib b o n  d im ensions. T h e  
e f fe c ts  o f  b o th  th e rm o d y n a m ic s  and k in e tic s  on m e ta s ta b le  phase c o m p e tit io n  w ill  
th e n  be discussed in  o rd e r to  ac c o u n t fo r  th e  fo rm a tio n  o f  m an y  d if fe r e n t  
m e ta s ta b le  p ro du cts . F in a lly , th e  p h y s ic a l fe a tu re s  fo r  th e  to tra n s fo rm a tio n  in  
m e ta s ta b le  p o r B 2 o f variou s  com positions  w il l  be discussed.
A llo y  com positions  a re  v ir tu a lly  th e  sam e as th e  co rresp o nd ing  in g o t com positions  
w h ic h  a re  superim posed  on th e  liquidus p ro je c tio n  and th e  1 1 7 3 K  is o th e rm a l s ec tio n  
in  F ig u re  5 .1 . G e n e ra l in fo rm a tio n  a b o u t th e  observed  phases and phase  
co m p os ition s  in  th e  ribbons is s u m m a rize d  in  T a b le  6 .1 . F o r  th e  c o n ven ien ce  o f  
p re s e n ta tio n  and co m p ariso n , th e  e f fe c ts  o f R S  on phase c o m p e tit io n  w i l l  be  
p re s e n te d  in th e  fo llo w in g  w ay:
S e c tio n  6 .2  deals  w ith  th e  L / p / a  c o m p e tit io n  d urin g  s o lid if ic a t io n  and m e ta s ta b le  
so lid  s ta te  phase tra n s fo rm a tio n s  in  T ixA lV j  _x (w h e re  p is in  e q u ilib r iu m  w ith  liq u id ). 
S e c tio n  6 .3  is on th e  L /c t /y  c o m p e tit io n  (w h e re  a  is in  e q u ilib r iu m  w ith  th e  liq u id  
phase) in  b in a ry  T i - A l  ribbons. S ections  6 .4  and 6 .5  d e a l w ith  m ic ro s tru c tu ra l  
e v o lu tio n  in  T iA lxV j_ x ribbons. A n  o v e ra ll discussion o f  co fo rm a tio n  is p resen ted  
in  S e c tio n  6 .6 , fo llo w e d  by a b r ie f  s u m m ary  o f th is  c h a p te r  (S e c tio n  6 .7 ) .
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T a b le  6 .1  S tru c tu re s  and com positions  o f phases in  5 0 p m  th ic k  a llo y  ribbons ("W -S ": 
w h e e l s ide; "M -S ": m id -s e c tio n ; "L": la m e lla r  and "N ": n e e d le  shaped).
N o m in a l
co m p ositions
(a t% )
Phases P ositions Phase C om po s itio n s  
(± 0 .0 5 a t% )
T i A l V T i A l V
45 55 0 Y W -S 4 5 .5 54 .5 0
Y M -D 45.1 5 4 .9 0
a 2 M -D 53 .9 46.1 0
50 50 20 Y W -S 4 9 .4 50 .6 0
a 2 W -S 54 .2 4 5 .8 0
50 47 3 Y +
( “ 2+ Y )L
M -D 50.1 4 7 .0 2 .9
50 45 5 “ 2 M -D 5 0 .2 4 5 .2 4 .6
50 40 10 B2+0) W -S 50.3 3 9 .9 9 .8
a N W -S 5 2 .4 3 8 .4 9 .2
50 35 15 B2+co M -D 50.1 35 .3 14 .6
50 25 25 B2+o) M -D 50 .6 25.1 2 4 .3
30 50 20 a v e ra g e M -D 2 9 .5 4 9 .7 20.8
B 2 + g> M -D 28.1 4 0 .8 31.1
a 2 M -D 29 .6 5 0 .3 20.1
10 50 40 M -D 10.1 4 9 .6 4 0 .3
5 50 45 (3+S+6 M -D 5 .4 4 9 .5 45 .1
0 50 50 P +6 M -D 0 4 9 .8 5 0 .2
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6 .2  L / p / a  P H A S E  C O M P E T IT IO N  IN  T l x A L V j . x  R IB B O N S
6 .2 .1  T i xA lV j_ x rib b o n  m ic ro s tru c tu re s
T y p ic a l T E M  im ages o f th e  m id -s e c tio n  m ic ro s tru c tu re  o f  A l-3 0 T i- 2 0 V  m e lt-s p u n  
ribbons a re  shown in  F ig u re  6 .1 . T h e  im ages  show an in te r c e llu la r  s e g re g a te , w ith  
d if f r a c t io n  analyses show ing th a t  th e  m a t r ix  phase is a 2 and th e  in te r~ 
g r a in / in te r c e l lu la r  s e g re g a te  is B 2.
T h e  o rd e rin g  process was n o t c o m p le te d  in  e ith e r  B 2 o r a 2 . T h e  (1 0 0 }B2 s u p e r la tt ic e  
r e f le c t io n s  a re  v e ry  w e a k , though d is c e rn a b le , in th e  [1 1 0 ]B2 M D P  fro m  th e  B2 
s e g re g a te  (F ig u re  6 .2 A ). D if fu s e  s tre a k in g  also ex is ts  in th e  p a t te r n  due to  th e  
e x is te n c e  o f a d iffu s e  co phase. T h e  S A D P  a t  [0 0 0 1 ]a2 shown in  F ig u re  6 .2 B  e x h ib its  
w e a k  {1 0 lO } a2 s u p e r la tt ic e  re f le c t io n s . F ig u res  6 .2 C  and 6 .2 D  show th e  r e la t iv e  
in te n s it ie s  o f th e  a 2 s u p e r la tt ic e  re f le c t io n s  in A l-3 0 T i-2 0 V  a llo y  ribbons (F ig u re  
6 .2 C ) and those o f th e  a 2 phase in  T i -4 0 A l-1 0 V  a llo y  in g o t (F ig u re  6 .2 D ) a t  [ 0 0 0 l]a2 
M D P s , s in ce  th e  d y n a m ic a l d if f r a c t io n  e f fe c ts  a re  less pronounced  in  M D P s  due to  
th e  l im ite d  e le c t r o n /m a t te r  in te ra c tio n  reg ions. T h e  a 2 phase in T i-4 0 A l-1 0 V  was 
o b ta in e d  by quench ing  th e  a llo y  in g o t fro m  1 673K  (p + a  phase f ie ld )  in to  w a te r . I t  
w il l  be  show n la te r  th a t  th e  a - ”Ct2 o rd e rin g  process was c o m p le te ly  suppressed in  th e  
T i-4 0 A l- 1 0 V  a llo y  ribbons (5 0 p m  th ic k ) . T h e re fo re , bo th  B2 and a 2 phases in  th e  
c u rre n t  A l-3 0 T i-2 0 V  a llo y  ribbons a re  o n ly  p a r t ly  o rd e re d . C o m p o s itio n s  o f phases 
in  th e  A l~ 3 0 T i-2 0 V  ribbons a re  g iven  in  T a b le  1.
T h e  m ic ro s tru c tu re  o f  th e  m id -s e c tio n  o f th e  5 0 p m  th ic k  A l-1 0 T i- 4 0 V  a llo y  ribbons  
was com posed o f d iso rd ered  p g ra ins and f in e  A I3M  (M = T i,V ) n eed les  ins ide  th e  p 
g ra in s  (F ig u re  6 .3 ).
6 .2 .2  T h e  s o lid if ic a t io n  process in  A l-3 0 T i-2 0 V  a llo y  ribbons
A s conc lu ded  in C h a p te r  5, th e  e q u ilib r iu m  phase tra n s fo rm a tio n  sequence in  A l -  
3 0 T i-2 0 V  is:
L  -  L + p  -* p -> p +Y ,
156
Chapter 6 Metastable Phase Transformations
in  a g re e m e n t w ith  th e  c a lc u la te d  T i - A l - V  v e r t ic a l  s e c tio n  a t  5 0 a t% A l (F ig u re  6 .4 A ). 
T h e  c a lc u la te d  m o le  f r a c t io n  change w ith  te m p e ra tu re  o f  phases in  e q u ilib r iu m  is 
show n in  F ig u re  6 .4 B . I t  can  b e  seen th a t  th e  observed  fra c tio n s  o f  phases in  th e  
in g o t a re  also c lose to  th e  e q u ilib r iu m  p re d ic tio n .
6 .2 .3  M e ta s ta b le  phase e q u ilib r ia  in  A l-3 0 T i- 2 0 V
T h e  ty p ic a l c e llu la r  m ic ro s tru c tu re  shown in  F ig u re  6.1  is com posed o f  an ct2 m a t r ix  
and in te r c e llu la r  B2 s eg reg a tes . T h e  m e ta s ta b le  a  liquidus ( T L a ) is 7 4 K  b e lo w  th e  
e q u ilib r iu m  (3 liquidus and th e  m e ta s ta b le  liquidus o f th e  y  phase is 186K  b e lo w  th e  
(3 liqu idus (F ig u re  5 .2 8 ). T h e  p re d ic te d  e q u ilib r iu m  m o le  fra c tio n s  o f a ll phases w ith  
te m p e ra tu re  a re  shown in  F ig u re  6 .4 , w h ic h  suggests th a t  o n ly  p (B 2 ), y and th e  liq u id  
phases a re  s ta b le  d uring  s o lid if ic a t io n  and so lid  s ta te  co o lin g . T h e  e q u ilib r iu m  phase  
d ia g ra m  (F ig u re  5 .28 ) in d ic a te s  th a t  a 2 fo rm s  v ia  a - a 2 o rd e rin g .
P ossib le  tra n s fo rm a tio n  paths th a t  could  re s u lt  in th e  observed  m ic ro s tru c tu re  in th e  
a llo y  ribbons a re , th e re fo r e , as fo llo w s:
i) L-»(3-»am + P r - a 2 (”m ":m ass ive ; and " r n: re m a in in g ); and
ii)  L -> a + Y seg - a 2+ y seg ("seg” : s e g re g a te ).
T h e  G ibbs f r e e  e n erg y  curves  o f c o m p e tin g  phases a t  1 8 0 0 K  a re  shown in  F ig u re  
6 .5 A  and th e  G ibbs f r e e  en e rg y  vs te m p e ra tu re  curves  fo r  A l-3 0 T i- 2 0 V  a llo y  a re  
show n in  F ig u re  6 .5 B . F ig u re  6 .5  in d ic a te s  th a t  a  can  be in  m e ta s ta b le  e q u ilib r iu m  
w ith  th e  m e l t  b e lo w  1 8 4 5 K  o n ly  i f  th e  s o lid if ic a t io n  o f th e  p phase is suppressed, as 
th e  T QP/a  te m p e ra tu re  is lo w e r th an  th e  p-+B2 o rd e rin g  te m p e r a tu re  and th e  G ibbs
RO
f r e e  e n e rg y  o f th e  a  phase, G m a , is less n e g a tiv e  th a n  G m o v e r th e  w h o le  
te m p e ra tu re  ran g e  (F ig u re  6 .5 B ). T h e  c o m p o s itio n  o f th e  a  phase, w h ic h  can  be  
cons id ered  as th e  p re c u rs o r o f th e  a ?  m a t r ix  in th e  rib b o n , is v e ry  c lose to  th e  
a v e ra g e  a llo y  c o m p o s itio n , w h ile  th e  p co m p o s itio n  is r ic h e r  in V  and le a n e r in A l  
(T a b le  6 .1 ) . T h is  suggests a g re a te r  lik e lih o o d  fo r  th e  d ire c t  fo rm a tio n  o f a  phase  
fro m  th e  m e l t  ( L - a - a 2 ) th an  a m ech an ism  w h e re  a ( a 2) fo rm e d  v ia  a m assive  
tra n s fo rm a tio n  fro m  th e  p phase ( p - a m ), s ince  th e  co m p os ition s  o f th e  c o e x is te n t  
phases a re  e v id e n tly  d if f e r e n t .  B esides, th e  p —ccni m ass ive  tra n s fo rm a tio n  is
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th e rm o d y n a m ic a lly  less p ro b ab le  th a n  p - B 2  o rd e rin g  (F ig u re  6 .5 B ). T h e  ty p ic a l  
c e llu la r  m ic ro s tru c tu re  o f th e  a llo y  rib b o n  (F ig u re  6 .1 ) also suggests th a t  th e  a  phase  
fo rm e d  d ire c t ly  fro m  th e  m e lt .
F ig u re  6 .6A  shows th e  m e ta s ta b le  phase e q u ilib r ia  b e tw e e n  a ,  (3, B2 and th e  liq u id  
a llo y  w h en  th e  lo w e r te m p e ra tu re  e q u ilib r iu m  y  phase a re  a r t i f ic ia l ly  o m it te d  fro m  
th e  th e rm o d y n a m ic  c a lc u la tio n . I t  can  b e  seen th a t  a  c a n n o t p r e c ip i ta te  fro m  th e  
(3 m a t r ix  as long as th e  liq u id  ends s o lid if ic a t io n  as a s in g le  P phase, s in ce  a  is 
th e rm o d y n a m ic a lly  u n s ta b le  w ith  re s p e c t to  b o th  p and B2.
T h e  a rg u m e n t th a t  a  fo rm e d  d ire c t ly  fro m  th e  m e lt  in th e  A l-3 0 T i- 2 0 V  ribbons is 
fu r th e r  su pp o rted  by th e  fa c t  th a t  p - B 2 o rd e rin g  is k in e t ic a lly  fa v o u re d  once  
d is o rd ered  p has fo rm e d  a t  h ig h er te m p e ra tu re s  as i t  is a second o rd e r  
tra n s fo rm a tio n . T h e  ap p e a ra n c e  o f in te r c e llu la r  B2 phase is c o n s is te n t w ith  re v e rs e  
s e g re g a tio n  due to  th e  n e g a tiv e  slope o f th e  m e ta s ta b le  a  liqu idus  (F ig u re  5 .2 8 ). 
Thus th e  phase tra n s fo rm a tio n  sequence in  th e  ribbon  is deduced  to  be:
L  -  L + a  L + a + P seg -  a  + Pseg - a 2+ B 2+ <od iffu se .
6 .2 .4  S te a d y  s ta te  n u c le a tio n  e ffe c ts
S in c e  th e  L /p  phase e q u ilib r iu m  is m o s t s ta b le , th e  reason  fo r  th e  suppression o f th e  
L - p  re a c t io n  m u s t be due to  k in e t ic  lim ita t io n s  on p n u c le a tio n , A nderson  e t  al 
[A n d92] and V a le n c ia  e t  a l [V a l8 9 j s tu d ied  th e  e f fe c ts  o f la rg e  m e lt  u n d erco o lin g  on 
p r im a ry  phase c o m p e tit io n  in  b in a ry  T i - A l  a lloys , using a m a g n e tic  le v ita t io n  
te c h n iq u e . B o th  s tud ies suggested th a t  la rg e  m e lt  u nd erco o lin g  w ou ld  fa v o u r th e  
n u c le a tio n  o f  th e  P phase fro m  th e  L - y / a / p  c o m p e tit io n . T h e s e  in v e s tig a tio n s  also  
conc lu ded  th a t:
(i) L - p  s o lid if ic a t io n  w ould  e x te n d  in to  th e  L / a  e q u ilib r iu m  reg io n  under la rg e  m e lt  
u nd ercoo lings ,
( i i)  L - a  s o lid if ic a t io n  can  e x te n d  to  th e  L /y  reg io n  b u t c a n n o t happen in th e  L /p  
e q u ilib r iu m  re g io n , and
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i i i )  L - y  is le a s t fa v o u re d  b y  la rg e  m e l t  u nd erco o lin g  !V a l8 9 ,A n d 9 2 ].
T h is  was e x p la in e d  on th e  basis o f  a lo w e r liq u id /s o lid  in te r fa c ia l  f r e e  e n e rg y  o f  th e  
b cc  (3 phase, ( a L / y > a L / a > a L /p  [A n d 92 ]), and s te a d y -s ta te  n u c le a tio n
co nd itio n s .
T h e  m a jo r  fa c to r  c o n tro llin g  th e  s te a d y -s ta te  n u c le a tio n  r a te  is th e  e x p o n e n tia l te rm  
in  th e  n u c le a tio n  r a te  e q u a tio n  w h ich  is d o m in a te d  by th e  f r e e  en e rg y  b a r r ie r  to  
n u c le a tio n , G  , w h ich  is p ro p o rtio n a l to  (a  /A G m ) (see C h a p e r 2). I t  is g e n e ra lly  
a c c e p te d  th a t  th e  bcc ((3) s tru c tu re  has a lo w e r a  v a lu e  th a n  th e  hep (a )  [T h o83]. 
D u e  to  th e  absence o f d a ta  fo r  a ,  c a lc u la tio n s  [Sau88] o fte n  use a lin e a r  re la tio n s h ip  
o f a  w ith  th e  e n tro p y  o f fusion  o f a so lid  phase, ASm , as suggested  by T u rn b u ll 
[T u r5 0 ]. T h e  e x p o n e n tia l te r m  o f th e  s te a d y  s ta te  n u c le a tio n  r a t e  e q u a tio n  th en  
becom es:
G * /k T  ~  i S m / ( i T rT,.)  (6 .1 )
w h e re  T r= T /T m , T m is th e  m e ltin g  p o in t o f th e  so lid  phase, and A Tr= l - T r . 
C a lc u la tio n s  based on eqn. (6 . 1) w i l l  p re d ic t  th a t  a phase w ith  a lo w e r e n tro p y  o f  
fus ion  w i l l  be k in e t ic a lly  fa v o u re d  a t  la rg e  m e lt  undercoo lings  [e .g . Sau88 ].
T h e  r e la t iv e  en tro p ies  o f th e  c o m p e tin g  phases in  th e  A l-3 0 T i- 2 0 V  a llo y  a re  shown  
in  F ig u re  6 .6B, fro m  w h ich  i t  is c le a r  th a t  th e  indeed p phase has th e  lo w e s t aS it1 
o f fus ion . T h e re fo re , p re d ic tio n s  based on eqn. (6 .1 ) a re  in a g re e m e n t w ith  th e  
o bserva tio n s  o f [V a l89 ] and [A n d92], b u t can n o t e x p la in  th e  suppression o f P 
s o lid if ic a t io n  in  th e  p re s e n t A l-3 0 T i-2 0 V  m e lt  spun ribbon .
6 .2 .5  T ra n s ie n t n u c le a tio n  e ffe c ts
A  s te a d y -s ta te  n u c le a tio n  t r e a tm e n t  is ad e q u a te  fo r  s o lid if ic a t io n  p ro v id e d  th e  
c lu s te r  p o p u la tio n  evo lves  s u ff ic ie n t ly  ra p id ly  as th e  te m p e ra tu re  changes. 
H o w e v e r, th e  h igh co o lin g  ra te s  e x p e rie n c e d  d uring  c h il i b lo c k  m e l t  sp inn ing could  
in v a lid a te  th e  a p p lic a b ility  o f th e  s te a d y -s ta te  n u c le a tio n  t r e a tm e n t . T h e  tra n s ie n t  
n u c le a tio n  t r e a tm e n t  re c e n t ly  proposed by [Sha94b] and s u m m a rize d  by Eqn. (2 .17 )
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in  C h a p te r  2, g ives th e  in c u b a tio n  t im e  x  fo r  n u c le a tio n  o f  a so lid  phase as:
•c «  T r / ( D i S m i T r 2)
w h ic h  shows th a t  phases o f  la rg e  e n tro p y  o f fus ion , ASm , co u ld  b e  fa v o u re d  a t  la rg e  
m e lt  und erco o lin gs . T h is  is a possib le e x p la n a tio n  fo r  th e  o b s e rv a tio n  th a t  th e  a  
phase (w h ich  has a la rg e r  ASm ) is fa v o u re d  in th e  m e lt  spun ribbons (F ig u re  6 .6B). 
T h e  T - t  curves  and th e  p re d o m in a n t n u c le a tio n  m ap  (P N M ) c a lc u la te d  using Eqn. 
(2 .1 7 ) a re  shown in F ig u res  6 .7 A  and 6 .7 B  re s p e c tiv e ly . T h e  c a lc u la t io n  has assum ed  
th e  sam e p o te n c y  o f h e terogeneous n u c le a tio n  s ites  fo r  a ll so lid  phases w ith  0= 40°  
[Sha94b]. F ig u re  6 .9 A  shows th a t  c r i t ic a l  m e lt  u nd ercoo lings  above 1 40K  a re  
n ecessary  to  suppress (3 s o lid if ic a t io n  and a llo w  a  s o lid if ic a t io n , w h ile  th e  c r i t ic a l  
m e lt  u nd erco o lin g  fo r  y  s o lid if ic a t io n  is o v e r 3 7 0 K .
T h e  c r i t ic a l  co o lin g  r a te  re q u ire d  fo r  th e  s e le c tio n  o f th e  a  phase is ab o u t 106 K /s e c  
(F ig u re  6 .7B ) w h ich  is a tta in a b le  in  m e lt  spun T i  a llo y  ribbons b e tw e e n  40 to  50 p m  
in  th ickn ess  in  th e  M a rk o  m e lt  sp inner [F ra 9 2 ]. T h e  p re d ic te d  c r i t ic a l  co o lin g  r a te  
fo r  a  s o lid if ic a t io n  in  A 1 -1 0 T 1 -4 0 V  (F ig u re  6 .7B ) is, h o w e v e r, u n a t ta in a b le  in  th e  
M a rk o  m e lt  sp in n er, w h ich  is co n s is te n t w ith  th e  observed  (3 s o lid if ic a t io n  in th is  
a llo y  ribb o n . T h e  A l^ M  phase need n o t be considered  as i t  fo rm e d  v ia  a so lid  s ta te  
phase tra n s fo rm a tio n .
6 .3  L / a / y  P H A S E  C O M P E T IT IO N  IN  B IN A R Y  T I - A L  R IB B O N S
6 .3 .1  T i - A l  r ib b o n  m ic ro s tru c tu re s
F ig u re  6 .8A  shows th a t  th e  w h e e l s ide m ic ro s tru c tu re  o f th e  T i-5 5 A 1  ribb o n  ( - 5 0 p m  
th ic k ) c o n ta in s  o n ly  tw in  re la te d  y  g ra ins. By co m p ariso n , th e  m id -s e c tio n  s tru c tu re  
o f th e  a llo y  rib b o n  is com posed o f c e llu la r  y  and in te r -c e l lu la r  a 2 p re c ip ita te s  
(F ig u re  6 .8B).
F o r  th e  e q u ia to m ic  co m p os ition  T i-5 0 A 1 , th e  w h e e l s ide m ic ro s tru c tu re  co n ta in s  y  
gra ins  and a 2 p a r t ic le s  inside and b e tw e e n  th e  y  g ra ins  (F ig u re  6 .9 A ), w h ile  th e
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wheel side microstructure of thinner ribbons (=30p m  thick) mainly contains twin 
related y grains (Figure 6.9B).
T h e  compositions of phases in both alloy ribbons are listed in Table 6.1. It should 
be noted that the compositions of a 2 and y are different.
6.3.2 Discussion o f L /c t/y  competition in T i-A l
Although Ti-50A1 and Ti-55A1 ingots started solidification with a primary a phase 
(on thermodynamic grounds, a is in equilibrium with the liquid phase for these alloys, 
see Chapter 5 for details), this was not true w h en the cooling rates were very large 
during melt spinning.
For the Ti-55A1 ribbon, the as-solidified wheel side microstructure contains only 
twin related y grains (Figure 6.8A), suggesting that large cooling rates favoured the 
solidification of the y phase (although L - L + a  is the equilibrium process) for this 
composition. T h e  reverse segregation observed in the mid-section of the 50 p m  thick 
Ti-55A1 ribbon also supports the me c h a n i s m  of primary y solidification during melt 
spinning, since the metastable extension of the y liquidus has a congruous point at 
around 50at%Al and a positive slope of the metastable y liquidus is 
thermodynamically allowed (Figure 6.10). As the primary y phase is Al rich, the 
occurrence of the reverse segregation was also a necessity for the conservation of 
matter. T h e  P N M  calculated by Eq. (2.17) for binary Ti-Al is shown in Figure 6.11, 
suggesting that primary a solidification can be easily suppressed in the Ti-55A1 alloy.
While the wheel side microstructure of a 5 0 p m  Ti-50A1 ribbon is composed of a y 
matrix and round a 2 particles between and within the y grains, the wheel side of a 
3 0 p m  ribbon is mainly composed of twin related y grains. T h e  P N M  for Ti-Al alloys 
(Figure 6.11) also suggests that it is m u c h  m o r e  difficult to suppress the L - L + a  
solidification for Ti-50A1 than for Ti-55A1. Th e predicted cooling rate to completely 
suppress the L->L+a solidification and favour primary y solidification in Ti-50A1 is 
over 1.3xlOdK/sec. It is interesting, therefore, to find that in the thinner (=30pm) 
Ti-50A1 ribbons, where a cooling rate of around 2 x lOdK/sec could be achieved 
[Fra92], y can form directly from the melt. The wheel side microstructure of a
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3 0 p m  thick Ti-50A1 ribbon {Figure 6.9B) is consistent with the equiaxed y grains 
(containing twins) formed directly from the melt, although the alloy is in the L/a 
equilibrium region on the binary Ti-Al diagram (Figure 6.10).
T h e  cooling rate at the wheel side of the 5 0 p m  thick Ti-50A1 alloy ribbons, however, 
was below the predicted critical cooling rate for y solidification. T h e  microstructure 
on the wheel side of the 5 0 p m  ribbon is composed of a y matrix and numerous a 2 
particles. Alternative mechanisms for the formation of this microstructure are:
i) the y matrix phase was formed by the a-*ym  massive transformation and the 
remaining a precursor phase, which was the primary phase on solidification, ordered 
to a 2 phase; or
ii) both the a phase (which ordered to a 2 at lower temperatures) and the y phase 
were formed directly from the melt (i.e. L->L+a -»L+a +y-*a +y-*a2+y).r r F
Since the growth rate of a solid phase (here y) forming by a massive transformation 
is generally very high [Por92], thermal recalescence is expected, leading to a 
microstructure containing remnants of the precursor phase (here a). T Q a_*Y is higher 
than the T Q a "*a2 for Ti-50A1, as shown in the Gibbs energy vs temperature curves 
plotted using the present database (Figure 6.1 IB). If T  rises above T Q tt"Y , due to 
thermal recalescence during massive transformation, the remaining a phase will 
decompose to a 2+Y via a eutectoid transformation, as observed by Jones and 
K a u f m a n  [Jon93]. T h e  final microstructure is, therefore, not totally a product of a 
massive transformation. T h e  evident composition difference (Table 6.1) between the 
a 2 and the y phases suggests an additional transformation m e c h a n i s m  to the massive 
transformation. Since the growth front of the y phase is facetted, it would also be 
difficult to understand the smooth outlines of the a 2 particles if they had been the 
remaining precursor a phase. Therefore, it is considered that both the a particles 
(followed by a -><*2 durinS cooling) and the y matrix were formed via solidification.
6.3.3 Discussion o f the effects o f growth vs nucleation on L /a /y  competition
T h e  large nu mb er of a 2 particles between/inside the matrix y grains suggests that 
the nucleation rate of the a phase during solidification at the wheel side of the
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50 p m  Ti-50A1 ribbon was clearly m u c h  higher than that of the y phase. T h e  reason 
for the formation of the majority y phase via solidification at the wheel side of the 
5 0 p m  thick Ti-50A1 ribbon must, therefore, be associated with a larger driving 
energy for y growth, a G vL "y , under the large undercoolings which were attainable 
at large cooling rates. This suggests that the suppression of the primary a 
solidification from the L - a / y  competition can be achieved by large cooling rates due 
to either the enhanced y growth rate or the favoured y nucleation. It should be 
pointed out, however, that although growth can play an important role for the 
selection of a phase with the largest a G v, it cannot account for the selection of such 
a metastable phase with a lower a G v, as is the case of the a phase in the Al-30Ti- 
20V ribbons.
6.4 M I C R O S T R U C T U R E S  O F  T l A L ^ V x  R I B B O N S
6.4.1 Microstructure of Ti - 4 7 A 1 3 V  ribbons
T h e  wheel side microstructure of the 5 0 p m  alloy ribbon was composed only of y 
grains which generally contained m a n y  stacking faults (Figure 6.12). Also, large 
n u m b e r  of antiphase boundaries (APB) were observed in these y grains (Figure 6.13).
T h e  mid-section of the ribbon was composed of a duplex structure which consisted 
of y grains and a lamellar (a2+y) structure. Diffraction analysis showed that the y 
phase in the lamellar regions separated by y grains generally had the s a m e  a 2 zone 
axis and contained twin related y lamellae. This is shown in Figure 6.14B which is 
a dark field image taken with the (0001)a2 reflection (//(l 1 l)y), showing parallel a 2 
plates within two separated regions. It is noted that the interfaces between y grains 
and lamellar regions contain ledges (Figure 6.14). N o  evident composition difference 
between the lamellar (ct2+y) and the y grains at the mid-section of the alloy ribbon 
wa s detected and the average mid-section composition is shown in Table 6.1, which 
is virtually the s a m e  as the bulk ingot composition (Table 5.1).
6.4.2 Microstructure of Ti-45A1-5V ribbons
Both the wheel side and the mid-section of the 5 0 p m  thick ribbon exhibited only
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equiaxed grains of the a 2 phase. Figure 6.15 shows the mid-section structure of the 
ribbon. Very fine ct2 particles were observed with central dark field images taken 
with the (0001)a2 reflection. Th e ribbon composition is again very close to the bulk 
ingot composition (Table 5.1).
6.4.3 M icrostructure o f Ti-40Al-10V ribbons
T h e  wheel side microstructure contained B2 grains with s o m e  a needles near the B2 
grain boundary (Figure 6.16). Thermal A P B s  were observed in the B 2  grains (Figure 
6.16B). Diffraction analysis showed that an ordered co phase (see Chapter 5) also 
existed in the B2 matrix.
T h e  mid-section microstructure of the alloy ribbon contained a needles in a B2 
matrix (Figure 6.17A). There is s o m e  difference between the compositions of both 
phases (Table 6.1). Th e [111]B2 S A D P  from the mid-section of the alloy ribbon is 
shown in Figure 6.17B, which contains three variants of the <1120>a patterns. Th e 
corresponding [1120]a M D P  is shown in Figure 6.17C, which does not reveal any 
(0001)a2 superlattice reflections, implying that the disordered a phase was retained 
to r o o m  temperature by melt quenching. T h e  volume fraction of a phase is around 
6 0 %  at the mid-section of the ribbons, while only a few a needles were observed at 
the B2 grain boundaries on the wheel side of the ribbons (Figure 6.17A). The 
morphology of the a phase is better defined in the C D F  image taken with (0001)a 
(Figure 6.18).
6.4.4 M icrostructures o f Ti-35Al-15V and Ti-25A1-25V ribbons
Figure 6.19 is a T E M  image of the mid-section of melt spun Ti-35Al-15V alloy 
ribbons, showing networks of antiphase boundaries (APBs) due to [3-B2 ordering. Th e 
S A D P  at [110]B2 exhibits w e a k  diffuse m a x i m a  at approximately 1/3{111}B 2 , 
2/3(111}B 2 , 1/3(112}B2 and 2/3(112}B2 (Figure 6.20A). After aging the alloy ribbon 
at 7 9 3 K  for 50 hrs, the diffuse m a x i m a  b e c a m e  stronger, as shown in Figure 6.20B. 
Th e  structure of the to phase in this alloy has the s a m e  ordered structure as in the 
B 2  phase of other metastable compositions (see Chapter 5). However, the o> phase 
in this alloy is not completely co mmensurate with the B2 matrix since the (0001)^
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spots deviated slightly from 1/3{11D 32 positions (positions of the ordered trigonal 
crystalline co phase). Equivalently, the n(1010)w  spots (where n is an integer) do not 
lie accurately on the line connecting (000) and (112)32* Tilting the sample to [111]q2 
shows that the 1/3(112}B2 and 2/3(112)B2 spots in the [llllB2 pattern are nearly 
undiscernible. T h e  measured |a | value (see Figure 2.3.4 for definition) is 0.006 for 
the as-quenched ribbon, as shown in Table 6.2.
Although it was difficult to take central dark field (CDF) images for the co phase in 
the as-melt-spun ribbons, heating the Ti-35Al-15V alloy ribbon at 7 9 3 K  for 50hrs 
m a d e  the co reflections stronger. C D F  images of the co phase under these conditions, 
as shown in Figure 6.20C, exhibit elongated diffuse co along (0001)(i}//(l 11)B 2 .
Figure 6.21A shows a [110]B2 pattern from the wheel side of the Ti-25A1-25V ribbon, 
indicating diffuse co streaking and m a x i m a  shifted a w a y  from the positions for 
crystalline co. Ageing the alloy ribbon at 6 7 3 K  for 300hrs led to better defined co 
maxima, as shown in Figure 6.2IB. Th e co m a x i m a  shift also b e c a m e  smaller on aging 
(|a |=0.06 for aged ribbons and 0.09 for as quenched ribbons). A  C D F  taken with 
(001)B2 is shown in Figure 6.21C, which shows B2 grains exhibiting A P B s  and a 
mottled contrast. T E M  images for the aged Ti-25A1-25V ribbon are shown in Figures 
6.22A and 6.22B, indicating that co precipitates at A P B s  grew faster than those 
within anti-phase domains (APDs, Figure 6.22A), and that the co phase had an 
elongated precipitate morphology along (111)B2 (Figure 6.22B).
A  s u m m a r y  of diffuse co m a x i m a  shifts for co formed in other metastable (3 or B2 
phase investigated in this study is presented in Table 6.2. This shows the metastable 
parent [3 or B 2  phase compositions, the structures of co type phases present and the 
shift of diffuse co m a x i m a  from the crystalline positions. It has been found that 
streaking in diffraction patterns for alloys of (3/B2 matrix are all in agreement with 
the present reciprocal space constructions shown in Figure 5.19 (in B2) and Figure 
5.31 (in (3). However, it should be pointed out that due to the difference in |a | of 
the alloys, the internal volumes of the co diffuse intensity shells are smaller for 
alloys with larger |a |, leading to weaker streaking in S A D  patterns (Figures 6.13A,B).
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T h e  lattice parameters of (3 or B2 with different compositions were determined by 
the off-axis convergent b e a m  electron diffraction technique developed by Shao et 
al [Sha93d]. C a m e r a  constants were calibrated with pure Si and care was taken to 
keep specimen height and lens current unchanged for the calibration experiment. The 
a(3/B2 (jata determined for Xi-Al-V alloys in this study was combined with data for 
Al-V [Fal52, Rot40] and Ti-V [Duw52] to derive an empirical equation which defines 
the lattice parameter of the (3 or B2 phase in Ti-Al-V alloys:
a p/B2 = 3 27 _ 10’3 x[1.54 at%Al+2.36 at%V]  (6.2)
Table 6.2 Measured |a | values for g> phases in metastable (3/B2 alloys
Alloy Compositions Phases |a |±0.002 e/a <!>=e/Vp d/a
Ti0.5A10.4V 0.l B2+G)0rd 0.002 3.70 0.115 1.30
Ti0.5A10.35V 0.15 B2+0)ord 0.006 3.80 0.118 1.45
Ti0.4A10.4V 0.2 B2+0)ord 0.030 3.80 0.120 1.40
Ti0.5A10.25V 0.25 B2+G)ord 0.090 4.0 0.125 1.75
Ti0.18A10.35V 0.47 P + G>** 0.125 4.11 0.137 1.76
A10.43V 0.52Ti0.05 |3+g) 0.173 4.10 0.140 1.67
A10.46V 0.54 P + G) 0.175 4.09 0.141 1.63
A10.39V 0.54Ti0.07 (3+g) 0.196 4.15 0.142 1.76
*|a | is defined in Figure 2.3.4. **The S A D  pattern at [110]p contains 
diffuse ca scattering due to the existence of short range order.
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6.5 D I S C U S S I O N  O F  P H A S E  S E L E C T I O N S  IN TIALj _X V X  R I B B O N S
T h e  equilibrium phase transformation sequences for alloys on the 50at%Ti vertical 
section and the discussion of solidification processes in the alloy ingots were 
presented in the previous chapter (see Table 5.4 and Figure 5.15 in Chapter 5). It 
was shown that the (3 phase was the equilibrium primary phase during the 
solidification of alloys containing >3at%V.
A n  interesting thermodynamic feature of these alloys is that, for alloys containing 
3 to 5 a t % V  (Figure 6.23), T 0L/ a>T0L / P (see Figure 2.7.2 for definition of T Q). This 
m e a n s  that the thermodynamic driving force for segregation-free solidification of 
the a phase is larger than for the (3 phase w h e n  V<5at%. T h e  predicted T q L//| for 
i = a, P and y are shown in Figure 6.24A and the predicted T q  for solid state 
transformations are shown in Figure 6.24B, using the present database.
Figure 6.24C shows the calculated transient nucleation P N M  for alloys on the 
50at%Ti vertical section. For 5 0 p m  thick ribbons the attainable wheel side cooling 
rate is around 10d K/sec, which will favour a phase nucleation instead of P phase 
nucleation for alloys with <7at%V. This shows that the a nucleation can be both 
thermodynamically and kinetically favoured w h e n  a large cooling rate is attainable 
during solidification. Th e y grains in the Ti-47A1-3V alloy ribbon can then be 
considered as a product of a a - y m  massive transformation and similarly the a 2 
grains in the Ti-45A1-5V ribbon can be considered as the product of a segregation- 
free L - a  solidification, followed by the a-ct2 massive ordering process which can 
then lead to the observed fine thermal A P B s  in the a 2 grains. It should be noted 
that although T i s  slightly higher than T q 0^ 2 for the Ti-45A1-5V alloy (Figure 
6.24B), ct-a2 ordering, rather than the <^ -ty m process was observed in ribbons of this 
alloy. This can be explained in terms of the m u c h  easier diffusion and lower 
activation barrier for an ordering process due to inheritance of the lattice 
parameters of the disordered parent phase and the lower interfacial energy.
It is, however, clear that segregation-free P solidification has occurred in the 
present alloy ribbons containing >10at%V. W h e n  V>15at%, the a phase is
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thermodynamically unstable with respect to both the (3 or B 2  and the a 2 phases. T h e  
subsequent B2-*a2 decomposition was completely suppressed in the melt spun ribbons 
of these high V  content alloys. W h e n  the cooling rate or the ribbon thickness is 
fixed, the potential for the B 2 ~ a 2 decomposition process increases 
thermodynamically with the value of l/(Ts^ - T Q ^ a2) where Tg is the solidus, as 
shown in Figure 6.24B. Further details of the microstructural evolution in the Ti- 
47A1-3V and Ti-40Al-10V alloys will be presented in the following case studies.
6.5.1 M icrostructural evolution in the Ti-47A1-3V ribbon
A s  discussed above, kinetic effects due to large cooling rates will favour the 
nucleation of the a phase from the melt. T h e  highly faulted y grains containing 
thermal A P B s  are consistent with the microstructure of massively transformed y 
phase from the a phase [Den93].
Thermodynamically possible phase transformation paths in the melt spun ribbon can 
be:
i) L- (3 -am - y m ; or
ii) L - P - Y m ; or
iii) L - a - y m .
T h e  Gibbs energy curves shown in Figure 6.23A suggested that the critical 
temperature for f3-am  massive or martensitic transformation, T q ^ “ , is higher than 
T q ^ y > T 0a/Y. T h e  first path can therefore only happen if the P -* ^  massive 
transformation start well below T q ^ y in order to satisfy the thermodynamic 
condition for obtaining y m . This condition, however, will also favour the direct 
P - Y m  process.
D u e  to the generally very large growth rate during a massive transformation, 
thermal recalescence will usually re mo ve the thermodynamic condition for a massive 
transformation before it is completed, so that the remaining precursor phase will 
then decompose by a different mechanism. Therefore, if the second transformation 
path were to happen, the remaining p phase would then undergo the p-a-'a2+y
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decomposition process [Jon93]. In this case, the precursor (3 regions isolated by the 
massive y grains will decompose separately. As the massive y grains have different 
orientations, this cannot explain w h y  the observed isolated lamellar (cc2+y)l reSions 
have the s a m e  crystallographic orientation (Figure 6.14). This will be a c o m m o n  
situation if the isolated precursor phase regions are remnants of a single a grain 
from the melt. T h e  microstructures of the present 5 0 p m  Ti-47A1-3V ribbon is, 
therefore, thought to occur in the following sequence: L ~ a - Y m + a r (r denotes 
remaining), followed by a r-(ct2+Y)L* 6.3 summarizes the above discussion.
Table 6.3 K e y  conditions for phase transformations in Ti-47A1-3V ribbon ( V n: 
satisfied; "x": not satisfied)
L-{3-am -*Y m L ~ P ~ Y m L - a - Y m
Adequate Driving 
Force
V ■/ V
Crystallography X X V
P N M X X V
6.5.2 APBs w ith in  y m in the Ti-47A1-3V ribbon
There are two schools of thought about the origin of A P B s  in the massively 
transformed y phase (Figure 6.13):
i) Thermal A P B s  due to YfccrfYord ord e n ng in y[Hal90, And92, Den93, Ric94, 
Sha93b,94]; and
ii) "Grown-in" A P B s  due to meeting of separately nucleated y grains in a disordered 
parent phase [Jon93,Li93].
Experimental evidence for the m e ch an is m of y ordering process include the 
observation of ultra fine antiphase domains (APDs) in the y phase in rapidly
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solidified y phase [Hal90, Sha93b,94]; pyrometric me a s u r e m e n t  of thermal 
recalescence events [And92j; and the experimental work and the probability analysis 
by Denquin et al [Den93, Ric94].
T h e  grown-in m e ch an is m was first proposed by Jones and Kaufman, based on their 
observation of similar A P B  contrasts in both y lamellae and massively transformed 
y grains, obtained by heating the Ti-50A1 alloy in the a phase region and then 
quenching the alloy in water [Jon93]. In the study by Li and Loretto, the formation 
of A P B s  in massive y was suggested to be due to the (3->B2 ordering process via A P B  
inheritance [Li93], which cannot explain the crystallographic feature of the lamellar 
structure observed in this study (see section 6.5.2).
According to Denquin et al, there are different probabilities associated with various 
boundaries, such as order domain boundaries(ODBs), twin boundaries(TBs), pseudo­
twin boundaries(PTBs) and APBs. Mixed boundaries(MDs) of O D B s  or P T B s  or TBs 
with A P B s  have been confirmed experimentally [Den93, Ric94]. T h e  probability of 
A P B s  forming by the grown-in m e ch an is m is only 1/6, compared to a probability of 
2/3 for O D B s  and MBs. This is w h y  it has been suggested that a disordered stage of 
the y phase m a y  be involved during the a - y m  massive transformation. T h e  absence 
of thermal A P B s  in lamellar y was proposed to be due to the formation of M B s  
[Den93]. In fact, Jones and Kaufmans' finding of A P B s  in the y lamellae has not 
been repeated by others [Li93, Den93]. It should be pointed out that formation of 
A P D s  has been conventionally considered as evidence for ordering transformation. 
O n  balance, there is m o r e  evidence to suggest that the formation of A P D s  in the 
massively transformed y phase is a result of Ydi^-d "*Y0rd transformation.
6.5.2 M icrostructural evolution in the Ti-40Al-10V alloy ribbons
T h e  phase transformation sequence in the arc melted alloy ingot is: L  - L + P  -*■ p - 
P + a  - B 2 + a  - a + B 2 + y  - a 2+y +B 2 - a 2+y+B2+co (Chapter 5). T h e  quantity of a 
precipitates in the ingot structure ("N" in Figure 5.16) was, however, evidently lower 
than the equilibrium value (Figures 5.20 and 5.21). Since the p - a + p  temperature is 
only slightly above the p - B 2  ordering temperature (Figure 5.15), the beginning of 
p-”B2 ordering m a y  have interfered with the nucleation of a disordered a phase.
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T h e  high cooling rate associated with melt spinning completely suppressed the 
nucleation of both the y phase from the p or B2 matrix and the a-*a2 ordering 
process, although thermal A P B s  were observed due to the p->B2 ordering in the 
ribbons. This is understandable as it is clearly m o r e  difficult to suppress a second 
order phase transformation at the s a m e  cooling rate.
It should be noted that the am ou nt of a precipitates in the mid-section of the alloy 
ribbon is m u c h  higher than in the ingot centre. This can be rationalised if it is 
assumed that high cooling rates during melt quenching can lower the effective P - B 2  
ordering temperature, thus favouring nucleation of the disordered a phase from a 
disordered p phase at a reasonably large undercooling (and hence a large a 
nucleation rate). However, w h e n  the cooling rate is further increased (as at the 
wheel side of the ribbons), the precipitation of the a phase is limited by solid state 
diffusion, leading to lower am ou nt of a precipitates which only formed near the P 
phase grain boundaries where diffusion was easier. This diffusion controlled 
behaviour of the a precipitation process suggests that the a needles in the ribbons 
are not the product of a martensitic transformation.
6.6 OMEGA FORMATION IN V-AL AND TI-AL-V ALLOYS
6.6.1 Structural relationship between p/B2 and to
T h e  results of this study show that both disordered and ordered ta phases can be 
obtained in metastable Ti-Al-V and Al-V alloys, depending on whether the precursor 
bcc phase is disordered (p) or ordered (B2). A  disordered co phase exists in the 
disordered p phase and an ordered <x> phase forms in the ordered P(B2) phase. 
Basically, the introduction of Al into Ti-V alloys will enhance the p phase ordering 
tendency due to the negative interaction parameters between Al and Ti/V. Th e B2 
phase found in alloy compositions near the (a2+y+B2) three phase region is m o r e  
stable than in alloys near both the Ti-V and Al-V edges, as demonstrated by the 
experimental observations of the ingot and ribbon microstructures of the Al-30Ti- 
20V alloy. This is in agreement with the thermodynamic predictions m a d e  using the 
present database (Figure 5.35). Although the addition of Al to titanium rich Ti-V
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alloys retards the co transformation in the disordered (3 phase [Wil71], ordered co has 
been reported to form in B 2  containing enough amounts of Al [Ahm94]. A s  suggested 
by Prasetyo et al [Pra76], the formation of an ordered co phase in the B2 phase 
appears to be due to the inheritance of the order of the parent phase.
6 . 6 . 2  D i f f u s e  S t r e a k i n g  in S A D P s
T h e  diffuse streaking in S A D P s  taken from the (3+co and B2+co regions is shown 
schematically in reciprocal space in Figures 5.19 and 5.31 for B2+co and (3+co 
respectively. Although the streaking in the diffraction patterns appears complicated, 
the origin of such streaking is considered to be due to having elongated precipitates 
along <lll>p/B 2//[0001]o> as suggested by Sass [Sas72] and Sinkler and Luzzi [Sin94], 
since C D F  images using (0001)^ in this study clearly reveal elongated co morphology 
along <lll> p/B2 (Figures 6.20, and 6.22).
It has been noted that heavy streaking exists along (112}B2 and (110}B2 in the [110]B2 
and [113]B2 patterns (Chapter 5, Figure 5.18). Therefore, another reason for the 
strong 1/2{112}B2 diffuse m a x i m a  m a y  be due to the cross-over effect of such 
streaking. Th e reciprocal space construction in Figure 5.19 clearly shows that the 
weaker inner shell and the stronger outer shell will cause streaking cross-overs at 
1/2(112)32 in the [113] and the [110] patterns. Since all streaks passing (000) are due 
to double diffraction, it is clear that a double diffraction effect can enhance the 
intensity at the cross-over points. T h e  intensities of these cross-over quasi-maxima 
in B2+co patterns are m u c h  stronger than for (3+co, due to the existence of inner 
intensity shells in the B2+co reciprocal space construction.
6 . 6 . 3  S h i f t s  o f  d i f f u s e  co m a x i m a
A s  indicated in Table 6.2, the extent of the shift in diffuse co m a x i m a  changes with 
the metastable parent [3 or B 2  phase compositions. M a n y  workers have reported that 
increasing the solute content of later transition metals in metastable group IV based 
[3 alloys increases this shift. This was first shown by M a c C a b e  and Sass [Mac71] in 
Ti-V, then Lin et al [Lin76] in Zr-Nb, and Sinkler and Luzzi [Sin94] in Ti-Cr. In 
addition to the dependence on solute content, the magnitude of the diffuse co peak 
shift also depends on the nature of the solute. For example, the position shifts in Ti-
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M n  [Apa75] and Ti-Fe [Wil73, D ’ya81] are far larger than in Ti-V or Zr-Nb at similar 
compositions. This indicates that the magnitude of the diffuse co peak shift tends to 
increase for a given solute concentration as the group nu mb er of the solute element 
increases.
Lin et al [Lin76] used X-ray diffraction to suggest that increasing the N b  content in 
Zr-Nb will increase the parameter z (2z is the spacing of the rumpled &> planes, see 
Figure 2.3.2B). However, changes in z in the crystalline g> phase merely affect the 
values of the structure factors at reciprocal lattice points, since no variation of 
internal structures can affect the peak positions. Therefore, this parameter cannot 
affect the positions of o) m a x i m a  [Sin94]. Th e z parameter can be determined by 
fitting the X-ray c*> peak intensity ratios to calculated ones rather than by the peak 
shifts [Lin76]. Th e extent of the diffuse m a x i m u m  shift can be better explained 
according to the model proposed by Sinkler and Luzzi [Sin94], which shows that the 
co peak shift is due to a ra nd om mixing of 3d222p> bd222p and 7d222p 01 units*
W h e n  the values of |a | for various investigated alloys are plotted against the total 
free electrons to a t om ratio (e/a), it is found that all the group IV based transition 
metal alloys lie close to a straight line, while the |a | values of alloys containing Al 
investigated in this work lie on a parallel line at lower values of e/a (Figure 6.25). 
Plotting |a | against d-electron to a t o m  (d/a) ratio gives an even larger discrepancy, 
especially for the alloys containing Al investigated in the present work (Figure 6.26).
If only transition metals are considered, the roles of e/a and d/a on phase stabilities 
of transition metals are approximately similar since they all contain similar numbers 
of s-electrons. However, w h en the non-transition metal Al is introduced into the 
system, it seems that the role of s/p-electrons cannot be ignored.
Pearson [Pea79] suggested that the size factor is also important for the co 
transformation. It is therefore possible that the electrons to (3 unit cell volume ratio 
(<|>=e/Vp) m a y  be m o r e  relevant than the e/a ratio. T h e  effects of increasing the 
additions of later transition metal elements in the group IV based alloys have been 
found to decrease the (3 phase unit cell volume (Vp) nearly linearly. Using the
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experimental data reviewed by Pearson [Pea58], the lattice parameters for group IV 
based binary alloys can be expressed as follows:
a pTi Fe = 3 -27 ~ 5.445x10”3 a t % F e   (6.3)
a pTi_Cr = 3 -27 “ 3.4375x10“3 a t % C r   (6.4)
a pTi~M n  = 3 -2 7 - 4.92x10 3 a t % M n   (6.5)
a p Zr_Nb = 3.585 - 2.941 xl(T 3 a t % N b   (6.6)
Using the lattice parameter data given by eqns,( 6 . 2 )  to ( 6 . 6 )  leads to a | a |~4> plot,
with a m u c h  improved correlation (Figure 6.27). The data of V-Al-Ti alloys n o w
coincides with binary alloys based on Ti, while the data for Zr based alloys is shifted
towards the lower 4> end of the curve, clearly due to the larger unit cell volume of 
Zt
p  Zr ( V p  ) .  Finally, w h e n  experimental data is normalized to the (j) value of the 
group IV element in the s a m e  period of the periodic table (for example if tJrZl ~N b  is 
defined as 4>Zl ^ b/(j)Zl), all the data fall onto a single line in a |a]-ijr plot (Figure 
6.28). This shows that i|r is a useful indicator for the c*> transformation. T h e  addition 
of s a m e  amount of atoms with smaller size and m o r e  free electrons (ie, with larger 
4>) will lead to larger |a|. Since |a|=0 defines the crystalline co structure and |a| = 1 
denotes the case where there is no o> formation in p / B2, this m e a n s  that an 
increasing am ou nt of later transition metals with larger (j) (or i j r )  m a k e  a (222)p  
displacement for co transformation m o r e  difficult.
Sinkler and Luzzi [Sin94] previously noted the nearly linear correlation between |a| 
and e/a for binary alloys based on group IV transition metal elements, but attributed 
this to the effect of short range order, and hence concluded that co transformation 
will not occur in alloys in which the P phase will order to B2. T h e y  also considered 
e/a=6 to be an upper limit for to transformation, and that p will order to B2 once |a| 
approaches 1. This is clearly not true, since the o) transformation has been 
frequently observed in the B 2  phase of various Ti-Al-X systems where X = V  [Ahm94],
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M o  (Das93, Dja92], N b  [Cha91, Ben90]. Ordered co has also been found in B 2  of binary 
alloys such as Ni-Al [Mut93] and Zr-Al [Sik82], indicating that ordering does not 
necessarily hinder the collapse of (222) p planes. It should also be pointed out that 
the e/a ratio in C u - Z n  alloys is over 10, but here also an ordered co was observed to 
fo rm in a B2 matrix [Pra76]. T h e  present interpretation is that both the e/a ratio 
and the size factor are important for the co transformation. T h e  fact that the co 
phase has been observed to form in a V-50A1 alloy in this study can thus be 
explained, since the addition of an element such as Al into V  will reduce the <j) value 
of the alloys and destabilize the (3 phase by reducing |a|, helping the (222)p plane 
collapse. By analogy, it is expected that the co transformation m a y  also be possible
in other metastable bcc X-Al alloys (later transition metal X=Nb, Mo, Cr, M n  ).
Recently, evidence has been found for diffuse co in a metastable B2 phase formed in 
melt spun Nb-18A1 alloy ribbons at Surrey [Pas94]. Pettifor's group has calculated 
phase stabilities ( at OK) in s o m e  A B  systems [Pet94], using F P - L M T O  theory. Their 
results show that: (a) the co phase stability is very sensitive to both the e/a ratio and 
the size factor and (b) co is m o r e  stable than B 2  at O K  in both VA1 and N b A l  [Pet94j. 
Further theoretical modelling is being carried out by both Pettifor's group and 
Colinet's group in order to get a deeper insight into co formation [Pet94, Col94].
6.7 S U M M A R Y
A  combination of crystallographic study and thermodynamic/kinetic modelling has 
been employed to study the effects of R S  on metastable phase transformations. 
High cooling rates during solidification have dramatic effects on phase 
transformation paths in melt spun Ti-Al-V ribbons.
For the L/p/a/y competition during solidification, high cooling rates can lead to 
effective transient nucleation effects which favour the nucleation of a phase with 
the large entropy of fusion. Sufficiently high cooling rates can favour either a 
nucleation in alloys within the L/p equilibrium region, or y nucleation in alloys 
within the L/ct region.
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High cooling rates also have considerable effects on the paths of solid state phase 
transformations. Firstly, first order transformations such as a - a 2+y (eS- *n Yi- 
47A1-3V), B 2 - B 2 + a 2 (eg. in Ti-35A1~15V and Ti-25A1-25V), and a - a 2 (eg. in Al-30Ti- 
20 V and Ti-40Al-10V) can be partly or completely suppressed in melt spun ribbons, 
depending on cooling rate and thermodynamic driving force. Secondly, high cooling 
rates can lead to solid state massive transformations such as a - a 2 (eg. in Ti-45A1- 
5V) and a-*Ym  (eS- *n Ti-47A1-3V). Although it is m o r e  difficult to suppress the 
p - B 2  ordering transformation (which is a second order transformation) completely, 
high cooling rate can lower the effective ordering temperature (eg. in Ti-40Al-10V).
Crystallographic relationships between phases are also an important factor 
controlling solid state phase competitions, due to their influence on diffusion and 
interface energy. For example, it is easier to suppress B 2 - a + B 2  than (3-a+(3, since 
diffusion is easier in the latter case. Another example is the occurrence of a -<*2 
instead of a - y m  in the Ti-45A1-5V ribbon, although the latter has a slightly higher
To-
O m e g a  formation occurs in both Ti-Al-V and V-Al systems. There are shifts of the 
diffuse G> m a x i m a  from the crystalline co positions. These shifts are related to the 
n u m b e r  of free-electrons (e) per volume of the metastable (3 or B 2  phase (Vp). This 
wo rk suggests that additions of Al into V  will reduce the e/V value of the alloys and 
destabilize the (3 phase by reducing |a |. T h e  reciprocal space structural models for 
(<o+B2) and (to+(3) proposed by this work are in good agreement with experimental 
observations.
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Figure 6.1 T E M  image of the mid-section of Al-30Ti-20V melt spun ribbon of = 5 0 p m  
in thickness.
A
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Figure 6.2 (A) [110]B2 M D P  from the dark intercellular phase shows {100}B2
superlattice spots and diffuse streaking. (B) and (C) are [00011^2 S A D P  and M D P  
from the matrix phase in Figure 6.1. (D) is the is a corresponding M D P  from the a 2 
phase in Ti-40Al-10V obtained by quenching the alloy ingot from 1473K into water.
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Figure 6.3 T E M  image of the Al-10Ti-40V ribbon, showing AI3M  precipitates in a 
p matrix.
Figure 6.4 Calculated equilibrium mole fraction changes of phases with temperature 
for Al-30Ti-20V alloy.
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Figure 6.5 Calculated Gibbs free energy curves of phases on the 50at%Al section 
at 18 00 K (A), and the Gibbs free energy changes of phases in Al-30Ti-20V with 
temperature (B).
(A)
(B)
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Figure 6.6 (A) Calculated mole fraction changes of phases with temperature for Al- 
30Ti-20V alloy w h e n  y is artificially suppressed. (B) Calculated S m  vs temperature 
of phases in Al-30Ti-20V alloy.
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Figure 6.7 Calculated T  vs x curves of phases in Al-30Ti-20V alloy (A), and P N M  
for alloys at 50at% section (B).
at% V
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Figure 6.8 T E M  images of the 50p.m thick Ti-55A1 ribbon: (A) wheel side 
microstructure and (B) mid-section microstructure.
0 . 5  j U m
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Figure 6.9 Wheel side T E M  images of: (A) 5 0 p m  and (B) 3 0 p m  Ti-50A1 ribbons 
(insert: [ 101 ]Y M D P  taken at an arrowed twin boundary).
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Figure 6.10 Partial Ti-Al phase diagram calculated using the current database.
Figure 6.11 Transient P N M  for Ti-Al alloys.
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Figure 6.12 (A) and (B) are T E M  images taken from the wheel side of the 5 0 p m  Ti- 
47A1-3V ribbon, showing stacking faults inside y grains.
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Figure 6.13 (A) Bright field (BF) and C D F  with (001 )y reflection (B) images of the 
s a m e  position as Figure 6.12B, showing thermal A P B s  in the y grains.
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Figure 6.14 (A) B F  and (B) C D F  (taken with (0001 )a2) images of the mid-section of 
the 5 0 p m  Ti-47A1-3V ribbon.
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Figure 6.15 (A) B F  and (B) C D F  (taken with (0001)a2) images of the mid-section of 
the 5 0 p m  Ti-45A1-5V ribbon.
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Figure 6.16 B F  images of the wheel side of the 50p.m Ti-40Al-10V ribbon, exhibiting 
a needles nucleated at the B2 grain boundaries (A, B). Th e thermal A P B s  (B) in the 
B2 phase were imaged w h e n  the specimen was oriented near [001 ]B 2 .
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Figure 6.17 (A) B F  image for the mid-section of the Ti-40Al-10V ribbon. (B) S A D P  
at [111 Igg containing three variants of the equivalent [1120]a pattern. (C) is a 
[1120]a M D P  from an a needle.
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Figure 6.18 C D F  image (with the (0002)a reflection) of the mid-section of the 5 0 p m  
Ti-40Al-10V ribbon.
0 . 5  JL/ITI
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Figure 6.19 T E M  image of melt spun Ti-35Al-15V ribbon, showing A P B  contrast in 
a grain of the B2 phase.
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Figure 6.20 (A) [110]B2 S A D P  showing w e a k  diffuse g> maxima. (B) [ 110]B2 S A D P  of 
the Ti-35Al-15V ribbon after aging at 520°C for 50 hrs. (C) C D F  image of Ti-35A1- 
15V ribbons aged at 520°C for 50hrs, taken with (0001)^. A r r o w  indicates 
[111]B2//[0001]W.
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Figure 6.21 [110]B2 S A D  patterns of (A) as quenched melt spun Ti-25A1-25V ribbon, 
and (B) for ribbons aged at 400°C for 300hrs. (C) C D F  image taken with (0001)B2 of 
the aged ribbon.
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Figure 6.22 (A) is a small scale C D F  image using (1010)w , showing enhanced o> 
growth at B2 APBs. (B) was taken using (0001 )w showing <o morphology elongated 
along (0001)^. A r r o w  indicates [11 ll^/VlOOOll^.
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Figure 6.23 Gibbs energy vs temperature curves for: (A) Ti-47A1-3V, (B) Ti-45A1-5V, 
(C) T1-40A1-10V and (D) Ti-35Al-15V alloys.
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Figure 6.24 (A) T q L , (B) T qS and (C) the transient P N M  for the TiAlj_xV x alloys, 
using the present database.
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Figure 6.25 Measured diffuse o> peak shift |a | v s e/a together with data from 
literature. |a | data for Ti-Fe and Ti-Mn were obtained by measuring the S A D  
patterns in the published papers. Sources of previously published data are: Ti-V 
[Mac71]; Ti-Cr [Sin94j; Ti-Mn [Apr75]; Ti-Fe [D’ya81, Wil73]; and Zr-Nb [Sas72].
e /a
Figure 6.26 Measured |a | v s d/a (d denotes d-electron numbers) of various alloys.
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Figure 6.27 Measured |a | v s (J>(=e/Vp) (Vp denotes (3/B2 phase unit cell volume)
4>
Figure 6.28 Measured |a | v s i{r of various alloys.
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C H A P T E R  7
GENERAL DISCUSSION AND CONCLUSIONS
7.1 DISCUS SI ON S O F  T H E R M O D Y N A M I C  M O D E L L I N G
T h e  extension of binary data to the ternary Ti-Al-V system gives calculated phase 
diagrams which agree well with experimentally determined phase boundaries 
[Ahm91,94, Par91]. Th er mo dy na mi c calculations with the present database show 
that the experimental work on the Ti-Al-V liquidus of [Par91] and the experimentally 
determined isothermal sections by [Ahm91,94] can be incorporated in a single 
thermodynamic database. Th e incorporation of a two-sublattice B 2  ordering model 
in the present thermodynamic assessment allows T q "^*B2 and phase diagrams to be 
calculated with a self-consistent thermodynamic database. T h e  good agreement 
between the predicted and experimentally determined phase diagrams and 
thermodynamic data suggests that the Gibbs energy configurations used in the 
present database are mathematically acceptable.
T h e  present B2 model predicts a B2 region which agrees with experimental results 
for alloys near the Al-V edge [Ahm94] better than either the Inden [Ind77] or the 
Saunders II [Sau94] model. However, like the other models [Sau94, Ind77], the 
predicted composition for m a x i m u m  B 2  stability does not agree with the 
experimental findings of [Ahm94]. Th e experimentally determined composition for 
m a x i m u m  B2 stability is close to the line joining Ti^Al and V 3AI, but the present 
model, the [Ind77] model and the [Sau94] models all predict compositions of 
m a x i m u m  B2 stabilities on the line joining TiAl and VA1.
A  probable reason for this discrepancy m a y  be due to the use of composition- 
independent ordering energies, or composition-independent W ^ 2V w ^  ratios, in all
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these three models. Figure 7.1 shows the change of T q ^ B 2 and T q ^-B32 with 
W (2)/ W (1) according to Eqns. (1), (10) and (11) in [Ind77], by fixing a H ( A 2)=- 
lOKJ/mole and C=0.5. There is a considerable effect of \\^2V w ^  on T q ^ -*82 and 
the relative stabilities of the two phases. Th e present modelling is limited in this 
aspect since the current version of the Thermo-Calc program cannot incorporate 
composition-dependent interaction parameters for thermodynamic modelling.
Figure 7.1 Calculated T c  with W ^ 2V w ^  for B2 and B32 according to the [Ind77] 
model, by fixing the aH(A2) as -lOkJ/mole and C=0.5. Th e S R O  factor x is from 
Figure 1 in [Ind77].
w (2)/ w (1)
Th e  present model shows that the V-Al system has an ordering energy which is m u c h  
lower than the Nb-Al system, although the p phases in both Nb-Al and V-Al have 
similar enthalpies of fusion. This can also be explained by giving the B2 structure 
in V-Al and Nb-Al systems different W ^ 2V w ^  ratios. Th e ordering energy of Al-V
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calculated by the first principle modelling of Colinet is about 600J/mole[Col94], 
being very close to the value used here (500J/mole).
7.2 P H A S E  T R A N S F O R M A T I O N S  IN TI-AL-V
7.2.1 Phase transformations in Ti-Al-V ingots
Basedon thermodynamic predictions with the present database, typical alloys have 
been designed to study phase transformations in the Ti-Al-V system. It has been 
shown in Chapter 5 that phase transformations in alloy ingots can be well explained 
with the thermodynamic predictions of the present work, taking into account of 
diffusion limitation and segregation.
7.2.2 Metastable phase transformations in melt spun Ti-Al-V ribbons 
Th er m o d y n a m i c  data of the present work can also give good predictions of possible 
metastable transformations (Chapter 6), although metastable transformations are 
m o r e  dependent on kinetics. For example, the T q curves predict regions where a 
massive transformation will be thermodynamically favoured, in general agreement 
with experimental findings in melt spun alloy ribbons. It has been shown in Chapter 
6 that w h e n  (predicted) thermodynamic criteria such as T q and a G v are similar for 
different products, there will be a m u c h  pronounced contribution of kinetics to phase 
selection. For example, for Ti-47A1-3V, T 0a ~Y >> T0a ~a2, ce-Ym  massive 
transformation occurred in the 5 0 p m  thick ribbons. W h e n  T q “ -y is only slightly 
higher than T Q a ~*a2(Ti-45Al-5V), the kinetically favoured ordering 
transformation occurred in the 5 0 p m  thick ribbons.
A  combination of thermodynamics and transient nucleation theory appear to give 
successful predictions of primary phase selection during melt quenching. This 
suggests that phase competitions in undercooled melts are largely nucleation 
controlled, although dramatic differences in growth rates of competing phases can 
also be a controlling factor (eg. in the 5 0 p m  thick Ti-50A1 ribbon).
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7.2.3 O m e g a  formation in Ti-Al-V
Previous work by Williams et al[Wil71] showed that a-stabilizing elements such as 
Al, Sn, O  and N  will retard co formation in Ti-V rich alloys. However, an ordered co 
phase in B2 alloys containing a m u c h  higher Al content than in the alloys of [Wil71] 
has been found in the present work and that of [Ahm94] in Ti-Al-V alloys. M o r e  
importantly, a diffuse co structure has been observed for the first time in the 
metastable p phase of binary Al-V and other Al-V rich Al-V-Ti alloys. T h e  present 
work shows that the addition of Al to vanadium alloys with or without Ti will 
promote 0  formation due to the lower e/Vp value of Al (Section 6.6 in Chapter 6). 
This suggests that the probable reason for Al to retard co formation in titanium rich 
alloys m a y  be an enhanced a stability rather than a lowered co stability. While the 
formation of an ordered co in the B2 structure can be attributed to an inheritance 
of the order in B2 [Pra76], first principle calculations by Pettifor’s group show that 
the chemical bonding of co in X A 1  (X=V, Nb) is m u c h  stronger than that of co in 
transition metals [Pet94], indicating that the ordered co structure is intrinsically 
stabilized due to the presence of Al in transition metal alloys.
O m e g a  formation in binary Ti-V has been thermodynamically assessed by several 
workers [Lei80,Mof88]. Figure 7.2 shows the calculated metastable Ti-V diagram 
with co transformation. T h e  lattice stabilities for co in Ti and V  were based on 
Moffat and Kattner[Mof88]. A  regular solution interaction parameter for the co 
phase was derived assuming T q ^"O)= 3 0 0 K  at Ti-25at%V which is the upper V  limit 
for the formation of athermal co [McC71].
T h e  thermodynamic parameters used for co in Ti-V are as follows:
A G Tia '*0> = A G V a_><° = +1273+0.376T 
aG ti^  = -3078+4.142T 
a G v P"" = +7549+3.723T 
L(co, Ti,V;0) = +18622-14T
T h e  interaction parameter derived in this work, L(co, Ti,V;0), is positive at co forming 
temperatures, which is in agreement with the effect of a larger (e/Vp) value of V.
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Extension of this Ti-V binary model into the ternary Ti-Al-V system is m o r e  
complicated, due to the shortage of reliable values of co lattice stabilities in Al/V 
and the absence of experimentally determined (3 or B 2 - g> transus. A s  it is difficult 
to separate kinetic factors from the thermodynamic ones in experiments involving 
metastable transformations, further first principle calculation of lattice stabilities 
is required before any further thermodynamic assessment using the Thermo-Calc 
method. Such first principle modelling is being performed by both Pettifor's and 
Colinet’s groups [Pet94, Col94j.
Figure 7.2 Metastable Ti-V o> phase diagram calculated by the present study.
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7.4 C O N C L U S I O N S
1. A  calculation of the Ti-Al-V system has been carried out using the Thermo-Calc 
method. T h e  calculated phase diagrams using the present database agree well with 
experimentally determined phase diagrams. It has been shown that the 
experimentally determined liquidus projection by [Par91] and the experimentally 
determined isothermal sections by [Ahm94, Par91] can be well predicted by a single 
self-consistent thermodynamic database.
2. T h e  p - B 2  ordering was modelled as a second order transformation and a n e w  
ordering model for the ternary B2 phase has been proposed. This allows the 
calculation of phase diagrams and |3-B2 ordering temperatures from a single self- 
consistent thermodynamic database.
3. T h e  predicted B2 phase stability and T q ^”B 2 temperatures by the present 
database are in general agreement with experimental findings of [Ahm94] and the 
present work. Th e present modelling shows that B2 stability is m u c h  higher in Ti-Al 
than in both Ti-V and Al-V. T h e  predicted ordering energy at O K  for V-50A1 is an 
order lower than for Ti-50A1 (Appendix II). T h e  probable reason for the discrepancy 
between the present prediction and [Ahm94] for the composition of m a x i m u m  B2 
stability m a y  be due to the use of composition-independent W ^ 2V v / ^  ratios in the 
thermodynamic modelling.
4. A n  equilibrium B2 region is predicted in the vicinity of V-rich side of the 
(a2+B2+y) ternary field, in agreement with experiment. It is also predicted that a 
disordered (3 phase cannot be in equilibrium with (y+a2) phases. However, there 
remains s o m e  discrepancy between theory and experiment as regards to the 
appearance of B 2  in Ti-rich alloys.
5. There is a good agreement between thermodynamic predictions and determined 
solidification processes in the ingots. In the case of metastable phase 
transformations in melt spun ribbons, both the thermodynamic driving force and the 
nucleation barrier play an important role in phase selections.
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6. T h e  primary solid phases appearing in melt spun Ti-Al-V ribbons can be 
dramatically changed by high cooling rates, and transient nucleation effects can be 
dominant in ^ 5 0 p m  alloy ribbons. High cooling rates tend to select the primary solid 
phase in the sequence: y > a >  p. High cooling rates can suppress completely the a-*a2 
solid state ordering process and can also lower the effective (3-B2 ordering 
temperature.
7. Diffuse 6) formation has been observed for the first time in the disordered 
metastable p phase of V-50A1 and V-50Al+(<30at%Ti) alloys. A n  ordered o> (with 
space group p3ml) has been observed in the metastable B2 phase in alloys containing 
40-50at%Ti. Structural models for both co structures have been proposed, with 
streaking in S A D  patterns attributed to elongated precipitates of co along < 111 > p/B2.
8. It has been found that the co phase stability is related to both the unit cell 
vo lu me (Vp) and the nu mb er of free electrons (e) per a t o m  of the metastable p or 
B 2  phase. T h e  smaller the value of e/ Vp, the closer the structure of co approaches 
that of a crystalline co structure. Extension of the hypothesis suggests that co 
formation m a y  occur in metastable bcc/B2 phase of other X-Al alloys (X is a 
transition metal such as Nb, Cr, ...).
S o m e  aspects concerning these conclusions have been presented in the following 
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SUGGESTIONS FOR FUTURE WORK
1. Previous experimental work [Ahm94] has indicated that the m a x i m u m  stability
of the B2 phase m a y  lie closer to the line joining Ti2Al and V 3AI, whereas all the
current models (including the present one) predict that the m a x i m u m  should lie on
the line joining TiAl and V A L  This is because in the absence of m o r e  detailed
9 1
information, all the ordering models have used ordering parameters, W  / W  ratios, 
which are independent of composition. It will therefore be very worthwhile to re­
examine this situation both from a theoretical and an experimental point of view. 
Further work should be carried out to define the equilibrium B2/(3 boundary m o r e  
accurately, and at the s a m e  time, the present model should be extended to include 
composition dependent ordering parameters.
2 T h e  present work has shown that Al-V rich alloys exhibit very strong short 
range order, quite different from the m o r e  titanium rich alloys where S R O  was not 
recorded in previous work. This m a y  well be connected with a rapid change in 
W ^ 2V w ^  with composition in this system, and therefore related to the point already 
raised above. This is another area where modelling m a y  then have to be improved 
to take into account S R O  in a m o r e  definitive manner.
3 T h e  points above relate to experiments within the s a m e  ternary system, ie
Ti-Al-V. However, it is also becoming apparent from first principle calculations that 
Al-V and Al-Nb behave in a different w a y  [Col94], despite the fact that the heats 
of formation of the A B  alloys in these systems are similar. Although this has again 
been attributed to a change in there is no experimental evidence to this
effect. It would be very interesting therefore to investigate B2/B32/(3 phase 
equilibria in rapidly quenched Al-V-Nb alloys, about which there has been no 
previously recorded work in the literature.
4 T h e  present work has s o m e  bearing on the design of alloys with improved 
ductility. T h e  ordered B2 phase is to be avoided, both because of the intrinsic 
resistance to dislocation m o v e m e n t  in ordered structures and to the fact that is 
invariably also present. However, the (3 phase has an attractive combination of high 
melting point and a disordered lattice. T h e  predicted phase equilibria show that (3
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can be in equilibrium with y at high aluminium contents, or with a 2 in titanium rich 
alloys.
A s  higher aluminium contents will lead to materials with a lower density and 
possibly higher oxidation resistance, it would s e e m  worthwhile to investigate the 
mechanical properties and oxidation resistance of lamellar (3+y alloys.
5 Although the to phase has been modelled in the present work, this must be 
considered a very simplified treatment, and further work is required on modelling 
the ordered o) phase in relation to the ordering in the B2 phase.
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APPENDIX I: T i-A l-V  DATABASE WITH p
A L L  D A T A  IN SI U N I T S
F U N C T I O N S  V A L I D  F O R  298.15<T< 6000.00 K  U N L E S S  O T H E R  LIMITS S T A T E D
E L E M E N T  S T A B L E  E L E M E N T  R E F E R E N C E  M A S S H 2 9 8 - H 0  S298
0 V A  V A C U U M
1 A L  F C C _ A 1
2 TI H C P _ A 3
3 V  B C C  A 2
0.0000E+00 O.OOOOE+OO 0.0000E+00 
2.6982E+01 4.5773E+03 2.8322E+01 
4.7880E+01 4.8100E+03 3.0648E+01 
5.0942E+01 4.5070E+03 3.0890E+01
S P E C I E S
1 A L
2 TI
3 V
4 V A
S T O I C H I O M E T R Y
A L
TI
V
V A
L I Q U I D
E X C E S S  M O D E L  IS R E D L I C H - K I S T E R M U G G I A N U  
C O N S T I T U E N T S :  AL,TI,V
G( LI QUID,AL;0)-G(FCC_A1 ,AL;0) =
298.14<T< 933.59: +11005.6-11.8409*T+7.94013E-20*T**7 
933.59<T< 6000.00: + 10482-11.252*T+1.23426E+28*T**(-9) 
G(LIQUID,TI;0)-G(HCP_A3,TI;0) =
298.14<T< 1941.00: +12862-7.3554*T-1.56575E-21*T**7 
1941.00<T< 6000.00: +14595.65-8.2931 *T-2.96577E+31*T**(-9) 
G(LIQUID,V;0)-G(BCC_A2,V;0) =
298.14<T< 2183.00: +20764.12-9.45 6*T-5.19136E-22*T**7+GHSERV 
2183.0 0 < T < 6000.00: +22072.4-10.085*T-6.444E+31*T**(-9)+GHSERV 
L(LIQUID,AL,TI;0) = -108250+38*T 
L(LIQUID, AL,TI; 1) = -6000+5*T
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L(LIQUID,AL,TI;2) = 15000 
L(LIQUID,AL,V;0) = -50725+9*T 
L(LIQUID, AL, V; 1) = -15000+8*T 
L(LIQUID,TI,V;0) = 1400 
L(LIQUID,TI,V;1) = 4100
A L 1 0 V
2 S U B L A T T I C E S ,  SITES .91: .09 
C O N S T I T U E N T S :  A L  : V
G(AL10V,AL:V;0)-0.91 G(FCC_Al,AL;0)-0.09 G(BCC_A2,V;0) = -10000+1.7*T
AL11TI5
2 S U B L A T T I C E S ,  SITES .68: .32 
C O N S T I T U E N T S :  A L  : TI
G(AL11TI5,AL:TI;0)~0.68 G(FCC_Al,AL;0)-0.32 G(HCP_A3,TI;0) = -38845 
+9.456+T
A L 2 3 V 4
2 S U B L A T T I C E S ,  SITES .852: .148 
C O N S T I T U E N T S :  A L  : V
G(AL23V4,AL:V;0)-0.852 G(FCC_A1,AL;0)-0.148 G(BCC_A2,V;0) = -15950 
+2.395*T
A L 2 T I
2 S U B L A T T I C E S ,  SITES .667: .333 
C O N S T I T U E N T S :  A L  : TI
G(AL2TI,AL:TI;0)-0.667 G(FCC_Al,AL;0)-0.333 G(HCP_A3,TI;0) = -40500 
+ 10.4*T
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A L 3 M
E X C E S S  M O D E L  IS R E D L I C H - K I S T E R _ M U G G I A N U  
2 S U B L A T T I C E S ,  SITES .75: .25 
C O N S T I T U E N T S :  A L  : TI,V
G ( A L 3 M , A L : T I ; 0 ) - 0 . 7 5  G ( F C C _ A 1 , AL;0)-0.25 G ( H C P _ A 3 , T I ; 0 )  = 
-35721.5+9*T
G(AL3M,AL:V;0)-0.75 G(FCC_Al,AL;0)-0.25 G(BCC_A2,V;0) = -26077+3.8*T 
L(AL3M,AL:TI,V;0) = -25969+12*T
A L 7 V
2 S U B L A T T I C E S ,  SITES .875: .125 
C O N S T I T U E N T S :  A L  : V
G(AL7V,AL:V;0)-0.875 G ( F C C _ A 1  ,AL;0)-0.125 G ( B C C _ A 2 , V ; 0 )
-13600+2.1*T
A L 8 V 5
E X C E S S  M O D E L  IS R E D L I C H - K I S T E R  M U G G I A N U  
2 S U B L A T T I C E S ,  SITES .615: .385 
C O N S T I T U E N T S :  A L  : TI,V
G(AL8V5,AL:TI;0)-0.615 G(FCC_Al,AL;0)-0.385 G(HCP_A3,TI;0) = -28000 
+10.077*T
G(AL8V5,AL:V;0)-0.615 G(FCC_Al,AL;0)-0.385 G(BCC_A2,V;0) = -22251.4 
-1.2*T
A L T I
E X C E S S  M O D E L  IS R E D L I C H - K I S T E R  M U G G I A N U  
2 S U B L A T T I C E S ,  SITES .5: .5 
C O N S T I T U E N T S :  A L , V A  : AL,TI,V
G(ALTI,AL:AL;0)-G(FCC_A1,AL;0) = +GHSERAL
G(ALTI,VA:AL;0)-0.5 G(FCC_A1,AL;0) = 25000
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G(ALTI,AL:TI;0)-0.5 G(FCC_Al,AL;0)-0.5 G(HCP_A3,TI;0) = -39000+9.9*T 
G(ALTI,VA:TI;0)-0.5 G(HCP_A3,TI;0) = 25000
G(ALTI,AL:V;0)-0.5 G(FCC_Al,AL;0)-0.5 G(BCC_A2,V;0) = -25500+8*T
G(ALTI,VA:V;0)-0.5 G(BCC_A2,V;0) = 25000
L(ALTI,AL:AL,TI;0) = -51500+25*T
L(ALTI, AL: AL,TI; 1) = 13000
L(ALTI,AL:AL,TI;2) = 9000
L(ALTI,AL:AL,TI,V;0) = -75500
L(ALTI,AL:AL,V;0) = -23000
L(ALTI,AL,VA:TI;0) = -31540-2*T
L(ALTI,AL,VA:V;0) = -21000
B C C _ A 2
E X C E S S  M O D E L  IS R E D L I C H - K I S T E R _ M U G G I A N U  
2 S U B L A T T I C E S ,  SITES 1: 3 
C O N S T I T U E N T S :  AL,TI,V : V A
G ( B C C _ A 2 , A L : V A ; 0 ) - G ( F C C _ A  1, AL;0) = + G B C C A L  
G(BCC_A2,TI:VA;0)-G(HCP_A3,TI;0) = + G B C C T I  
G(BCC_A2,V:VA;0)-G(BCC_A2,V;0) = + G H S E R V  
L(BCC_A2,AL,TI:VA;0) = -128500+39*T 
L ( B C C _ A 2 ,  AL,TI: VA; 1) = 4800 
L(BCC_A2,AL,TI:VA;2) = 21200 
L(BCC_A2,AL,TI,V:VA;0) = -18640+4.17*T 
L(BCC_A2,AL,V:VA;0) = -95000+20*T 
L ( B C C _ A 2 ,  AL, V: VA; 1) = -6000 
L(BCC_A2,TI,V:VA;0) = +10500-1.5*T 
L(BCC_A2,TI,V:VA;1) = 2000 
L(BCC_A2,TI,V:VA;2) = 1000
F C C _ A 1
E X C E S S  M O D E L  IS R E D L I C H - K I S T E R _ M U G G I A N U  
2 S U B L A T T I C E S ,  SITES 1: 1 
C O N S T I T U E N T S :  AL,TI,V : V A
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G ( F C C_ A1 ,A L: VA ;0) -G (F CC _A 1, AL ;0) = + G H S E R A L  
G(FCC_A1,TI:VA;0)-G(HCP_A3,TI;0) = + G F C C T I  
G(FCC_A1,V:VA;0)-G(BCC_A2,V;0) = + G F C C V  
L(FCC_A1,AL,TI:VA;0) = -125210+35*T 
L ( F C C _ A 1  ,AL,TI:VA; 1) = -5000 
L ( F C C _ A 1  ,AL,TI:VA;2) = 20000 
L(FCC_A1,AL,V:VA;0) = -69800+15*T 
L ( F C C _ A 1  ,AL,V:VA; 1) = -8000 
L(FCC_A1,TI,V:VA;0) = 23400
H C P _ A 3
E X C E S S  M O D E L  IS R E D L I C H - K I S T E R _ M U G G I A N U  
2 S U B L A T T I C E S ,  SITES 1: .5 
C O N S T I T U E N T S :  AL,TI,V : V A
G( H C P _ A3 ,A L: VA ;0) -G (F CC _A 1, AL ;0) = + G H C P A L  
G(HCP_A3,TI:VA;0)-G(HCP_A3,TI;0) = + G H S E R T I  
G(HCP_A3,V:VA;0)-G(BCC_A2,V;0) = + G H C P V  
L(HCP_A3,AL,TI:VA;0) = -133500+39*T 
L(HCP__A3, AL,TI: VA; 1) = 750 
L(HCP_A3,AL,TI:VA;2) = 17500 
L(HCP_A3,AL,TI,V:VA;0) = +23721.5-44*T 
L(HCP_A3,AL,V:VA;0) = -95000+20*T 
L(HCP_A3,AL,V:VA;1) = -6000 
L(HCP_A3,TI,V:VA;0) = +30250-10+T
T I 3 A L
E X C E S S  M O D E L  IS R E D L I C H - K I S T E R _ M U G G I A N U  
2 S U B L A T T I C E S ,  SITES .25: .75 
C O N S T I T U E N T S :  A L , V A  : AL,TI,V
G(TI3AL,AL:AL;0)-G(FCC_A1,AL;0) = +GHCPAL
G{TI3AL,VA:AL;0)-0.75 G(FCC_A1,AL;0) = 20000
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G ( T I 3 A L ,  AL:TI;0)-0.25 G ( F C C _ A 1  ,AL;0)-0.75 G ( H C P _ A 3 , T I ; 0 )  = 
-27030+5.6*T 
G(TI3AL,VA:TI;0)-0.75 G(HCP_A3,TI;0) = 22000
G ( T I 3 A L ,  A L :  V;0)-0.25 G ( F C C _ A  1, AL;0)-0.75 G ( B C C _ A 2 , V ; 0 )  =
-5000-2.128*T 
G(TI3AL,VA:V;0)-0.75 G(BCC_A2,V;0) = 20000 
L(TI3AL,AL:AL,TI;0) = -81390+30*T 
L(TI3AL,AL:AL,TI,V;0) = -65000 
L(TI3AL,AL,VA:TI;0) = -32150+7*T
S Y M B O L  S T A T U S  V A L U E / F U N C T I O N
1 R  80000000 8.3145100E+00
2 R T L N P  20000000 +R*T*LN(9.8692327E-06*P)
53 G H S E R A L  20000000 0.0
54 G H S E R B  20000000 0.0
55 G H S E R C  20000000 0.0
56 G H C  20000000 -17368.4+170.73*T-24.3*T*LN(T)-4.723E-04*T**2 
+2562600*T**(-l)-2.643E+08*T**(-2)+1.2E+10*T**(~3)
57 G H S E R C R 20000000 0.0
58 G H S E R N I 20000000 0.0
59 G H S E R S I 20000000 0.0
60 G H S E R T I 20000000 0.0
61 G H S E R V 20000000 0.0
62 G H V  20000000
298.14<T< 790.00: -7930.43+133.346*T-24.134*T*LN(T)-.003098*T**2
+ 1.2175E-07*T**3+69460*T**(-1)
790.00<T < 2183.00: -7967.84+143.291 *T-25.9*T*LN(T)+6.25E-05*T**2
-6.8E-07*T**3
2183.00<T< 6000.00: -41689.4+321.141*T-47.43*T*LN(T)+6.4439E+31*T**(-9)
63 G B C C A L 20000000 +10083-4.812*T
64 G H C P A L 20000000 +5481-1.805*T
65 G B C C T I 20000000
66 G F C C T I 20000000 +6000-.1 *T
67 G F C C V 20000000 +7500+1.7*T
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68 G H C P V  20000000 +4000+2.4*T
298.14<T< 900.00: +6787.9+1.099*T-1.5835*T*LN(T)+.004114*T**2
-3.8552E-07*T**3-65428*T**(-1)
900.00<T< 1155.00: +6539.8+1.72613*T-1.5881*T*LN(T)+.0035395*T**2
-l.8793E-07*T**3-35472*T**(-l)
1155.00<T< 1941.00: +5758.6+38.38987*T-7.4305*T*LN(T)+.0093636*T**2
-1.04805E-06*T**3-525093*T**{-1) 
1941.00<T< 6000.00: -1376-.15859*T+4.17375E+31*T**(-9)
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APPENDIX II: T i-A l-V  DATABASE 
WITH P-B2 ORDERING
A L L  D A T A  IN SI U N I T S
F U N C T I O N S  V A L I D  F O R  298.15<T< 6000.00 K  U N L E S S  O T H E R  LIMITS S T A T E D
E L E M E N T  S T A B L E  E L E M E N T  R E F E R E N C E  M A S S  H 2 9 8 - H 0  S298
0 V A  V A C U U M  O.OOOOE+OO 0.0000E+00 0.0000E+00
1 A L  F C C _ A 1  2.6982E+01 4.5773E+03 2.8322E+01
2 TI H C P _ A 3  4.7880E+01 4.8100E+03 3.0648E+01
3 V  B C C  A 2  5.0942E+01 4.5070E+03 3.0890E+01
S P E C I E S  S T O I C H I O M E T R Y
1 A L  A L
2 TI TI
3 V  V
4 V A  V A
L I Q U I D
E X C E S S  M O D E L  IS R E D L I C H - K I S T E R _ M U G G I A N U  
C O N S T I T U E N T S :  AL,TI,V
G(LIQUID, AL;0)-G(FCC__A1, AL;0) =
298.14<T< 933.59: +11005.6-11.8409*T+7.94013E-20*T**7 
933.59<T< 6000.00: + 10482-11.252*T+1.23426E+28*T**(-9) 
G(LIQUID,TI;0)-G(HCP_A3,TI;0) =
298.14<T < 1941.00: +12862-7.3554*T-1.56575F-21*T**7 
1941.00<T< 6000.00: +14595.65-8.2931*T-2.96577E+31*T**(-9) 
G(LIQUID,V;0)-G(BCC_A2,V;0) =
298.14<T< 2183.00: +20764.12-9.456*T-5.19136E-22*T**7+GHSERV 
2183.0 0 < T < 6000.00: +22072.4-10.085*T-6.444E+31+T**(-9)+GHSERV
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L(LIQUID,AL,TI;0) = -108250+38*T 
L(LIQUID, AL,TI; 1) = -6000+5*T 
L(LIQUID,AL,TI;2) = 15000 
L(LIQUID,AL,V;0) = -50725+9*T 
L(LIQUID,AL,V;1) = -15000+8*T 
L(LIQUID,TI,V;0) = 1400 
L{LIQUID,TI,V;1) = 4100
A L 1 0 V
2 S U B L A T T I C E S ,  SITES .91: .09 
C O N S T I T U E N T S :  A L  : V
G(AL10V,AL:V;0)-0.91 G(FCC_Al,AL;0)-0.09 G(BCC_A2,V;0) = -10000+1.7*T 
AL11TI5
2 S U B L A T T I C E S ,  SITES .68: .32 
C O N S T I T U E N T S :  A L  : TI
G{ALllTI5,AL:TI;0)-0.68 G(FCC_Al,AL;0)-0.32 G(HCP_A3,TI;0) = -38845 
+9.456*T
A L 2 3 V 4
2 S U B L A T T I C E S ,  SITES .852: .148 
C O N S T I T U E N T S :  A L  : V
G(AL23V4,AL:V;0)-0.852 G(FCC_A1,AL;0)-0.148 G(BCC_A2,V;0) = -15950 
+2.395*T
A L 2 T 1
2 S U B L A T T I C E S ,  SITES .667: .333 
C O N S T I T U E N T S :  A L  : TI
G(AL2TI,AL:TI;0)-0.667 G(FCC__Al,AL;0)-0.333 G(HCP_A3,TI;0) = -40500 
+ 10.4*T
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A L 3 M
E X C E S S  M O D E L  IS R E D L I C H - K I S T E R _ M U G G I A N U  
2 S U B L A T T I C E S ,  SITES .75: .25 
C O N S T I T U E N T S :  A L  : TI,V
G ( A L 3 M , A L : T I ; 0 ) - 0 . 7 5  G ( F C C _ A 1  ,AL;0)-0.25 G ( H C P _ A 3 , T I ; 0 )  = 
-35721.5+9*T
G(AL3M,AL:V;0)-0.75 G(FCC__Al,AL;0)-0.25 G(BCC_A2,V;0) = -26077+3.8*T 
L(AL3M,AL:TI,V;0) = -25969+12*T
A L 7 V
2 S U B L A T T I C E S ,  SITES .875: .125 
C O N S T I T U E N T S :  A L  : V
G(AL7V,AL:V;0)-0.875 G ( F C C _ A 1  ,AL;0)-0.125 G ( B C C _ A 2 , V ; 0 )
-13600+2.1*T
A L 8 V 5
E X C E S S  M O D E L  IS R E D L I C H - K I S T E R _ M U G G I A N U  
2 S U B L A T T I C E S ,  SITES .615: .385 
C O N S T I T U E N T S :  A L  : TI,V
G(AL8V5,AL:TI;0)-0.615 G(FCC_Al,AL;0)-0.385 G(HCP_A3,TI;0) = -28000 
+ 11,077*T
G(AL8V5,AL:V;0)-0.615 G(FCC__Al,AL;0)-0.385 G(BCC_A2,V;0) = -22251.4 
-1.2*T
A L T I
E X C E S S  M O D E L  IS R E D L I C H - K I S T E R _ M U G G I A N U  
2 S U B L A T T I C E S ,  SITES .5: .5 
C O N S T I T U E N T S :  A L , V A  : AL,TI,V
G(ALTI,AL:AL;0)-G(FCC_A1 ,AL;0) = +GHSERAL
G(ALTI,VA:AL;0)-0.5 G(FCC_A1,AL;0) = 25000
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G(ALTI,AL:TI;0)-0.5 G(FCC_Al,AL;0)-0.5 G(HCP_A3,TI;0) = -39000+9.9*T 
G(ALTI,VA:TI;0)-0.5 G(HCP_A3,TI;0) = 25000
G(ALTI,AL:V;0)-0.5 G(FCC_Al,AL;0)-0.5 G(BCC_A2,V;0) = -25500+8*T
G(ALTI,VA:V;0)-0.5 G{BCC_A2,V;0) = 25000
L(ALTI,AL:AL,TI;0) = -51500+25*T
L(ALTI, AL: AL,TI; 1) = 13000
L(ALTI,AL:AL,TI;2) = 9000
L(ALTI,AL:AL,TI,V;0) = -75500
L(ALTI,AL:AL,V;0) = -23000
L(ALTI,AL,VA:TI;0) = -31540-2*T
L(ALTI,AL,VA:V;0) = -15000
B 2 _ B C C
E X C E S S  M O D E L  IS R E D L I C H - K I S T E R _ M U G G I A N U  
2 S U B L A T T I C E S ,  SITES .5: .5 
C O N S T I T U E N T S :  AL,TI,V : AL,TI,V
G(B2JB CC ,A L: AL ;0) -G (F CC _A 1, AL ;0) = + G B C C A L
G(B2_BCC,TI:AL;0)-0.5 G(FCC_Al,AL;0)-0.5 G(HCP_A3,TI;0) = +.25*ATBL0 
+ A T B 2 V 1 + , 5 * G B C C T I + . 5 * G B C C A L  
G{B2_BCC,V:AL;0)-0.5 G(FCC_Al,AL;0)-0.5 G(BCC_A2,V;0) = +.25*AVBL0 
+ A V B 2 V 1 + . 5 * G H S E R V + . 5 * G B C C A L  
G(B2_BCC,AL:TI;0)-0.5 G(FCC_Al,AL;0)-0.5 G(HCP_A3,TI;0) = +.25*ATBL0 
+ A T B 2 V 1 + . 5 * G B C C A L + . 5 * G B C C T I  
G(B2_BCC,TI:TI;0)-G(HCP_A3,TI;0) = + G B C C T I
G(B2_BCC,V:TI;0)-0.5 G(HCP_A3,TI;0)-0.5 G(BCC_A2,V;0) = +.25*VTBL0 
+ V T B 2 V 1+. 5 * G H S E R V + .  5* G B C C T I  
G(B2_BCC,AL:V;0)-0.5 G(FCC_Al,AL;0)-0.5 G(BCC_A2,V;0) = +.25*AVBL0 
+ A V B 2 V 1+. 5* G B C C  A L + . 5 * G H S E R V  
G(B2_BCC,TI:V;0)-0.5 G(HCP_A3,TI;0)-0.5 G(BCC_A2,V;0) = +.25*VTBL0 
+ V T B 2 V 1+. 5* GB CC TI +. 5 * G H S E R V  
G(B2_BCC,V:V;0)-G(BCC_A2,V;0) = + G H S E R V
L(B2_BCC,AL,TI:AL;0) = + . 2 5 * A TB L0 +. 37 5*A TB L1 +. 18 75 *A TBL 2- AT B2 V1 
L(B2__BCC, AL,TI: AL; 1) = +. 12 5* AT BL 1+ .2 5*A TB L2
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L(B2_BCC,AL,TI:AL;2) = +. 0625*ATBL2 
L(B2_BCC,AL,TI,V:AL,TI,V;0) = + 2 * T A V P A R  
L(B2_BCC,AL,TI:AL,TI;0) = -1.5*ATBL2
L(B2_BCC,AL,V:AL;0) = +. 25 *A VB L0 +. 37 5*A VB L1 +. 18 75 *A VBL 2- AV B2 V1 
L ( B 2 _ B C C ,  AL, V: AL; 1) = +. 12 5* AV BL 1+ .2 5*A VB L2 
L(B2_BCC,AL,V:AL;2) = +.0625*AVBL2 
L(B2_BCC,AL,V:AL,V;0) = -1.5*AVBL2
L(B2_BCC,AL:AL,TI;0) = + . 2 5 * A TB L0 +. 37 5*A TB L1 +. 18 75 *A TBL 2- AT B2 V1 
L( B 2 _ B C C , A L :  AL,TI; 1) = +. 1 2 5 * A T B L 1 + . 2 5 * A T B L 2  
L(B2_BCC,AL:AL,TI;2) = +.0625*ATBL2
L(B2_BCC,AL:AL,V;0) = + . 2 5 * A V B L 0 + . 3 75 *AV BL 1+ .1 87 5* AV BL2 -A VB 2V 1 
L(B2__BCC,AL:AL,V;1) = +. 12 5* AV BL 1+ .2 5*A VB L2 
L(B2_BCC,AL:AL,V;2) = +.0625*AVBL2 
L(B2_BCC,TI,V:AL;0) = + T A V P A R
L(B2_BCC,TI:AL,TI;0) = +.25 *A TB L0 -. 37 5*A TB L1 +. 18 75 *A TBL 2- AT B2 V1 
L(B2_BCC,TI:AL,TI;1) = +, 125*ATBL1-.25*ATBL2 
L(B2_BCC,TI:AL,TI;2) = +. 0625*ATBL2 
L(B2_BCC,TI:AL,V;0) = + T A V P A R
L(B2_BCC,V:AL,V;0) = +.25*A VB L0 -. 37 5*A VB L1 +. 18 75 *A VBL 2- AV B2 V1 
L(B2_BCC,V:AL,V;1) = +.125*AVBL1-.25*AVBL2 
L ( B 2 _ B C C ,  V: A L , V; 2) = +.0625*AVBL2 
L(B2_BCC,V:AL,TI;0) = + T A V P A R
L(B2_BCC,AL,TI:TI;0) = +.25*A TB L0 -. 37 5*A TB L1 +. 18 75 *A TBL 2- AT B2 V1 
L(B2_BCC,AL,TI:TI;1) = +. 125*ATBL1-.25*ATBL2 
L(B2_BCC,AL,TI:TI;2) = +. 0625*ATBL2 
L(B2_BCC,AL,V:TI;0) = + T A V P A R  
L(B2_BCC,AL:TI,V;0) = + T A V P A R
L(B2_BCC,TI,V:TI;0) = +.25*VTBL0+.375*VTBL1+.1875*VTBL2-VTB2V1 
L(B2_BCC,TI,V:TI;1) = +.125*VTBL1+.25*VTBL2 
L(B2_BCC,TI,V:TI;2) = +.0625*VTBL2 
L(B2_BCC,TI,V:TI,V;0) = -1.5*VTBL2
L(B2_BCC,TI:TI,V;0) = +.25*VTBL0+.375*VTBL1+.1875*VTBL2-VTB2V1 
L(B2_BCC,TI:TI,V;1) = + .125*VTBL1+.25*VTBL2 
L(B2_BCC,TI:TI,V;2) = +.0625*VTBL2
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L(B2__BCC,V:TI,V;0) = +.25*VTBL0-.375*VTBL1+.1875*VTBL2-VTB2V1 
L(B2_BCC,V:TI,V;1) = +.125*VTBL1-.25*VTBL2 
L(B2_BCC,V:TI,V;2) = +.0625*VTBL2
L{B2_BCC,AL,V:V;0) = + . 25 *A VB L0 -. 37 5*A VB L1 +. 18 75 *A VBL 2- AV B2 V1 
L ( B 2 _ B C C ,  AL, V:V; 1) = +.125*AVBL1-.25*AVBL2 
L(B2_BCC,AL,V:V;2) = +.0625*AVBL2 
L(B2_BCC,AL,TI:V;0) = + T A V P A R
L(B2JBCC,TI,V:V;0) = +.25*VTBL0-.375*VTBL1+.1875*VTBL2-VTB2V1 
L(B2_BCC,TI,V:V; 1) = +.125*VTBL1-.25*VTBL2 
L(B2_BCC,TI,V:V;2) = +.0625*VTBL2
F C C _ A 1
E X C E S S  M O D E L  IS R E D L I C H - K I S T E R  M U G G I A N U  
2 S U B L A T T I C E S ,  SITES 1: 1 
C O N S T I T U E N T S :  AL,TI,V : V A
G( FC C_ A1 ,A L : V A ; 0 ) - G ( F C C _ A 1 , A L ; 0 )  = + G H S E R A L  
G(FCC_A1,TI:VA;0)-G(HCP_A3,TI;0) = + G F C C T I  
G(FCC_A1,V:VA;0)-G(BCC_A2,V;0) = + G F C C V  
L(FCC_A1,AL,TI:VA;0) = -125210+35*T 
L ( F C C _ A 1  ,AL,TI: VA; 1) = -5000 
L(FCC_A1,AL,TI:VA;2) = 20000 
L(FCC_A1,AL,V:VA;0) = -69800+15*T 
L ( F C C _ A 1  ,AL,V:VA; 1) = -8000 
L(FCC_A1,TI,V:VA;0) = 23400
H C P _ A 3
E X C E S S  M O D E L  IS R E D L I C H - K I S T E R _ M U G G I A N U  
2 S U B L A T T I C E S ,  SITES 1: .5 
C O N S T I T U E N T S :  AL,TI,V : V A
G ( H C P _ A3 ,A L: VA ;0) -G (F CC _A 1, AL ;0) = + G H C P A L  
G(HCP_A3,TI:VA;0)-G(HCP_A3,TI;0) = + G H S E R T I  
G(HCP_A3,V:VA;0)-G(BCC__A2,V;0) = + G H C P V
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L(HCP_A3,AL,TI:VA;0) = -133500+39*T 
L(HCP_A3, AL,TI: VA; 1) = 750 
L(HCP_A3,AL,TI:VA;2) = 17500 
L(HCP_A3,AL,TI,V:VA;0) = +23285-43.5*T 
L(HCP_A3,AL,V:VA;0) = -95000+20*T 
L(HCP_A3,AL,V:VA;1) = -6000 
L(HCP_A3,TI,V:VA;0) = +30250-10*T
TI3AL
EXCESS MODEL IS REDLICH-KISTER_MUGGIANU
2 SUBLATTICES, SITES .25: .75
CONSTITUENTS: AL,VA : AL,TI,V
G(TI3AL,AL:AL;0)-G(FCC_A1,AL;0) = +GHCPAL 
G(TI3AL,VA:AL;0)-0.75 G(FCC_A1,AL;0) = 20000
G(TI3AL,AL:TI;0)-0.25 G(FCC_A1 ,AL;0)-0.75 G(HCP_A3,TI;0) = 
-27030+5.6*T 
G(TI3AL,VA:TI;0)-0.75 G(HCP_A3,TI;0) = 22000
G(TI3AL,AL:V;0)-0.25 G(FCC_A1 ,AL;0)-0.75 G(BCC_A2,V;0) =
-5000-2.128*T 
G(TI3AL,VA:V;0)-0.75 G(BCC_A2,V;0) = 20000 
L(TI3AL,AL:AL,TI;0) = -81390+30*T 
L(TI3AL,AL:AL,TI,V;0) = -40000 
L(TI3AL,AL,VA:TI;0) = -32150+7*T
SYMBOL STATUS VALUE/FUNCTION
1 R 80000000 8.3145100E+00
2 RTLNP 20000000 +R*T*LN(9.8692327E-06*P)
3 GHSERAL 20000000 0.0
10 GHSERTI 20000000 0.0
11 GHSERV 20000000 0.0
12 GHV 20000000
298.14<T< 790.00: -7930.43+133.346*T-24.134*T*LN(T)-.003098*T**2
+1.2175E-07*T**3+69460*T**(-1)
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790.00<T< 2183.00: -7967.84+143.291*T-25.9*T*LN(T)+6.25E-05*T**2
-6.8E-07*T**3
2183.00<T< 6000.00: -41689.4+321.141 *T-47.43*T*LN(T)+6.4439E+31*T**(-9)
13 GBCCAL 20000000 +10083-4.812*T
14 GHCPAL 20000000 +5481-1.805*T
24 GBCCTI 20000000
298.14<T< 900.00: +6787.9+1.099*T-1.5835*T*LN(T)+.004114*T**2
-3.8552E-07*T**3-65428*T**(-1)
900.00<T < 1155.00: +6539.8+1.72613*T-1.5881*T*LN(T)+.0035395*T**2
-1.8793E-07*T**3-35472*T**(-1)
1155.00<T< 1941.00: +5758.6+38.38987*T-7.4305*T*LN(T)+.0093636*T**2
-1.04805E-06*T**3-525093*T**(-1)
1941.00<T< 6000.00: -1376-.15859*T+4.17375E+31*T**(-9)
25 GFCCTI 20000000 +6000-.1 *T
26 GFCCV 20000000 +7500+1.7*T
27 GHCPV 20000000 +4000+2.4*T
39 ATBLO 20000000 -128500+39*T
40 ATBL1 20000000 4800
41 ATBL2 20000000 21200
42 ATB2V1 20000000 -6500 (p-B2 ordering energy of TiAl)
43 AVBLO 20000000 -95000+20*T
44 AVBL1 20000000 -6000
45 AVBL2 20000000 0.0
46 AVB2V1 20000000 -500 ((3-B2 ordering energy of VA1)
47 VTBL0 20000000 +10500-1.5*T
48 VTBL1 20000000 2000
49 VTBL2 20000000 1000
50 VTB2V1 20000000 0.0 (p-B2 ordering energy of TiV)
51 TAVPAR 20000000 -17134+4.705*T (only depends upon L((3,Ti,Al,V;0))
A ppen dix  II  D a tabase with fi -B2 ordering
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